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ABSTRACT 
 
Ball, Lyndsay Brooke (Ph.D., Geological Sciences) 
Groundwater flow in an intermountain basin: Hydrological, geophysical, and geological 
exploration of South Park, Colorado 
Thesis directed by Professor Shemin Ge and Dr. Jonathan Saul Caine 
 
 Groundwater in the intermountain basins of the American West is increasingly of interest 
with respect to water supply, ecosystem integrity, and contaminant and heat transport processes.  
These basins are defined by their heterogeneity through large topographic relief, substantial 
climatic variability, and permeability distributions made complex through variations in lithology 
and deformation over the orogenic history of these regions, leading to folded and faulted 
aquifers.  This dissertation focuses on the influence of these heterogeneities on the groundwater 
flow system of the South Park basin in central Colorado, USA.   
The influence of faults on shallow groundwater flow was examined at two locations 
along the mapped trace of the Elkhorn fault, a Laramide reverse fault that juxtaposes crystalline 
and sedimentary rocks in eastern South Park.  At the first location, electromagnetic, resistivity, 
self-potential, and hydraulic data were collected at an existing well field straddling the fault 
trace.  Integrated analysis suggested the fault behaves as combined conduit barrier to 
groundwater in flow the upper 60 m.  A second location along the mapped trace was selected 
through additional geophysical exploration.  New boreholes were drilled to make direct geologic, 
hydrologic, and geophysical observations of the fault zone.  However, these boreholes did not 
intersect the Elkhorn fault despite passing through rocks with similar electrical resistivity 
signatures to the first study location.  Analyses of drill core and geophysical data indicate that the 
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mineralogical composition of the crystalline rocks strongly influences their resistivity values, and 
the resistivity contrasts associated with the rock juxtaposition created by the Elkhorn fault is not 
unique. 
A steady-state, three-dimensional groundwater flow model of the South Park basin was 
developed to explore the influence of complex topography, recharge, and permeability structure 
on regional groundwater flow. Geologic complexity and the associated permeability structure are 
controlling factors in recharge and discharge patterns.  Most groundwater circulates in the upper 
1 km in local and intermediate flow systems, although mountain block recharge does make 
notable contributions to the main valley.  Regional scale flow processes were found to be 
relatively insensitive to heterogeneity in recharge or fault zone permeability, although both can 
have localized impacts to groundwater flow. 
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CHAPTER 1 
INTRODUCTION 
 
Groundwater in the intermountain basins of the American West is increasingly of interest 
for a variety of reasons.  Growing urban and suburban populations are looking to these once 
remote basins for additional water supplies.  Intermountain basins also create unique ecosystems, 
and wetland habitats in these basins may be particularly sensitive to stresses on groundwater 
flow systems that are both natural and related to human activities.  Mountain areas are often rich 
in mineral resources, the exposure of metallic minerals through mining and erosion can lead to 
acid rock drainage and high concentrations of heavy metals in the ground and surface waters of 
these areas.  The transport of these contaminated waters can potentially impact both the 
ecological and water-resource aspects of intermountain basins.   
The South Park basin in central Colorado is an excellent example of an ecologically 
sensitive and potentially important intermountain basin.  South Park is part of the headwaters of 
the South Platte River watershed, a societally and ecologically crucial river.   The greater Denver 
metropolitan area depends heavily on the South Platte for its water supply, and agriculture in 
eastern Colorado and Nebraska rely heavily on irrigation water supplied by this river and its 
alluvial aquifers.  Mountain and prairie ecosystems of the Front Range and western Great Plains 
are also sensitive to changes in flow and water quality along the South Platte.   
Understanding the groundwater flow system in an intermountain basin like South Park is 
particularly challenging.  Groundwater flow systems in intermountain basins are strongly 
influenced by heterogeneities such as large and variable topographic relief, substantial climatic 
differences over small distances, and permeability distributions made complex through the 
  1 
orogenic history of these regions.  The high topography introduced by mountain ranges can act 
as large potential energy sources, sustaining steep hydraulic gradients and driving deep 
groundwater flow.  Aquifers and aquitards can be fractured and deformed, resulting in highly 
variable geometry and hydraulic properties.  Geologic structures, such as major faults, are 
common and may impart significant hydrogeologic influence. Changes in climatic variables that 
come with major changes in elevation, aspect, and orographically impacted weather patterns can 
result in highly variable groundwater recharge patterns. To understand and monitor 
intermountain basins, one must understand the relative importance of these heterogeneities in the 
hydrogeology of the basin.   
This dissertation focuses on the role of heterogeneity in the hydrogeology of the South 
Park basin.  Three main chapters are presented in the format of stand-alone papers.  Chapters 2 
and 3 explore the permeability heterogeneity and material properties of faults.  Characterizing 
the hydrogeologic influence of faults is particularly challenging.  Fault zones are typically poorly 
exposed and, when exposed, only a limited part of the structure can be observed.  This leads to 
difficulties in determining the presence and extent of fault-zone components and hinders our 
ability to estimate the magnitude to which they may influence hydrogeology.  Furthermore, there 
are few in situ data on the permeability structure of characterized fault zones that can be used to 
assess the impact of a fault on groundwater flow, particularly at well-field (meters to 100s of 
meters) to regional scales.  These in situ data are lacking in part because hydrologic test data are 
difficult and costly to collect and their quality is dependent on the spatial distribution of available 
wells.   
In Chapter 2, surface and borehole geophysical data were used in combination with drill 
core, borehole lithologic and geophysical logs, and well-hydraulic data to interpret groundwater-
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flow patterns in the immediate vicinity of the Elkhorn fault, a major reverse fault in the South 
Park basin.  Through this analysis, high-resolution interpretations of the hydraulic-head 
distribution and changes in groundwater flow directions across the fault were developed.  These 
data were used to infer the local hydrogeologic influence of the fault zone.   
In Chapter 3, in-situ hydraulic testing of a new borehole to be drilled through the Elkhorn 
fault zone was proposed to further characterize its hydrogeologic influence.  In a twist of events, 
an alternative opportunity was presented to learn about the role of resistivity heterogeneity in the 
interpretation of geoelectrical data from complex crystalline rocks.  The lessons learned from this 
chapter provide insight into the role of fractures and mineralogy in interpreting surface and 
borehole geoelectrical data. 
The final chapter of this dissertation, Chapter 4, provides an unprecedented investigation 
of the hydrogeology of the South Park basin in its full regional context.    Hydrologic data for the 
region were compiled to create a bedrock aquifer map showing general groundwater flow 
patterns of the basin.  The major geologic stratigraphy and structure of the basin was interpreted 
through the development of basin-wide cross sections and a three-dimensional geologic model. 
A steady-state, three-dimensional groundwater flow model was constructed to explore the 
regional groundwater flow system dynamics.  The sensitivity of the model to changes in spatial 
complexity in recharge distribution was explored to evaluate the potential importance of recharge 
heterogeneity throughout the climatically variable landscapes of South Park.  Hydrogeologically 
distinct fault zones were introduced to the model to explore the regional significance different 
fault zone hydrogeologic behaviors.  
  3 
CHAPTER 2 
CONSTRAINING FAULT ZONE HYDROGEOLOGY THROUGH INTEGRATED 
HYDROLOGICAL AND GEOELECTRICAL ANALYSIS 
 
Abstract
The hydrogeologic influence of the Elkhorn fault in South Park, Colorado, is examined 
through hydrologic data supplemented by electrical resistivity tomography and self-potential 
measurements.  Water-level data indicate that groundwater flow is impeded by the fault on the 
spatial scale of tens of meters, but the lack of outcrop prevents interpretation of why the fault 
creates this hydrologic heterogeneity.  By supplementing hydrologic and geologic data with 
geoelectrical measurements, further hydrogeologic interpretation is possible.  Resistivity profiles 
and self-potential data are consistent with the interpretation of increased fracturing within 70 
meters of the fault.  Further interpretation of the fault zone includes the possibility of a vertical 
groundwater flow component in a fractured and relatively high permeability damage zone and 
one or more relatively low permeability fault cores resulting in a conduit-barrier behavior of the 
fault zone at the meter to tens-of-meters scale.  Calculated hydraulic heads from the self-
potential data reveal additional complexity in permeability structure, including a steeper 
hydraulic gradient immediately west of the interpreted fault trace than suggested by the well data 
alone.  
 
This chapter has been previously published: 
Ball LB, Ge S, Caine JS, Revil A, Jardani A (2010) Constraining fault-zone hydrogeology 
through integrated hydrological and geoelectrical analysis. Hydrogeology Journal (18): 
1057-1067 DOI 10.1007/s10040-010-0587-z 
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2.1   Introduction 
The subsurface heterogeneity introduced by faults presents particular challenges to 
understanding numerous scientific and societal problems. These problems include the assessment 
of groundwater supply and sustainability, numerical modeling of groundwater flow, contaminant 
transport, isolation of waste, and the influence of changing pore pressure on seismicity (e.g. 
Ahlers et al., 1999; Mayer et al., 2007; Ge et al., 2009).  In addition, limited documentation of 
the lithologic changes and three-dimensional structures caused by large-scale faulting hampers 
the understanding of a number of natural processes. These include basin recharge from adjacent 
mountainous terrain, fen development and sustainability, formation of mineral deposits, and 
hydrocarbon migration and trapping (e.g. Antonellini et al., 1999; Chapman et al., 2003; Yang et 
al., 2004).  Field observations and modeling exercises suggest that faults can compartmentalize 
aquifers and provide preferential pathways for recharge and discharge, but the specifics of how 
and why faults affect groundwater flow remain elusive (Forster and Evans, 1991; Ge and 
Garven, 1994; Haneberg, 1995; Lopez and Smith, 1995, 1996; Bense and Person, 2006; Mayer et 
al., 2007).   
The hydrogeologic influence of a fault is controlled by its permeability structure.  
Permeability structure is created both from the juxtaposition of geologic units with differing 
native permeability and from the creation of lithologically and structurally distinct fault cores 
and (or) damage zones, referred to as fault-zone components (Caine et al., 1996).   The fault core 
may have reduced permeability in comparison to the protolith as a result of clay-rich gouge 
development, grain-size reduction, and fluid-rock interactions that can lead to cementation and 
mineralization (Forster and Evans, 1991; Caine et al., 1996; Evans et al., 1997).  The damage 
zone surrounds the fault core and comprises a network of fractures, small faults, veins, and folds 
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that can lead to enhanced permeability in comparison to the protolith and fault core (Lockner et 
al., 2000; Shipton and Cowie, 2001; Bense et al., 2003).   In addition, the alignment of grains and 
the preferential direction of fractures, folds, small faults, and mineralized veins may create 
permeability anisotropy in both of these fault-zone components (Caine and Forster, 1999).  
Variability in the size and permeability structure of the fault zone can result in the overall 
hydrogeologic behavior of a fault as a barrier, a conduit, or a combined conduit-barrier to 
groundwater flow (Bredehoeft et al., 1992; Caine et al., 1996; Bense and Person, 2006). 
Determining the heterogeneous, internal permeability structure of faults is inherently 
difficult.  Fault zones are typically poorly exposed and, when exposed, only a limited part of the 
structure can be observed.  This leads to difficulties in determining the presence and extent of 
fault-zone components and hinders the estimation of the magnitude to which they may influence 
a fault’s overall hydrogeologic effect.  Furthermore, there are few in situ data on the permeability 
structure of characterized fault zones that can be used to assess the impact of a fault on 
groundwater flow, particularly at well-field (meters to 100s of meters) to regional scales.  These 
in situ data are lacking in part because hydrologic test data are difficult and costly to collect and 
their quality is highly dependent on the spatial distribution of available wells.  Permeability 
estimates using these data may not capture the internal heterogeneity of fault-zone hydraulic 
properties, particularly at scales beyond the hydraulic influence of the test itself.   
The objectives of this study are (1) to estimate fault-zone permeability structure in situ 
and (2) to document the impact of a major, inactive fault on well-field scale groundwater flow.  
To accomplish these objectives, traditional hydrogeologic measurements were supplemented 
with electrical resistivity and self-potential data at the Elkhorn fault in South Park, Colorado (fig. 
2.1).  Resistivity tomography was used in combination with available geologic maps, drill-core 
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lithologic descriptions, and well-hydraulic data to determine the fault location and geometry.  
Self-potential measurements co-located with the resistivity data were used to interpret 
groundwater-flow patterns in the immediate vicinity of the fault and to create a high-resolution 
interpretation of the hydraulic-head distribution in transects across the fault.  The hydrogeologic 
measurements and geoelectrical data were used to make interpretations about the permeability 
structure of the fault zone at the meter to tens-of-meters scale.  
The material presented in this paper provides new insight into the relation between fault-
zone architecture and the hydrogeologic influence of the Elkhorn fault, a fault that is not exposed 
in outcrop and, without additional drilling or trenching, would be otherwise poorly understood.  
To the authors’ knowledge, this is the first time that self-potential data are used to infer the 
permeability structure of an inactive fault zone.  The integrated geoelectrical and hydrological 
approach used here would be applicable to other poorly exposed geologic structures. 
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Figure 2.1.  Maps showing (a) the location of the South Park basin and the study area in the state 
of Colorado, USA, and (b) the distribution of geophysical and hydrological data: resistivity lines, 
self-potential measurement stations for Lines 1 and 2 and their reference electrodes, the gridded 
region of self-potential measurements shown in fig. 2.3c (black box), and the location of the four 
wells.  The dashed ellipse outlines an area of wetland vegetation seen in the photograph (c), 
taken looking northwest.   
2.2   Hydrologic expression of the Elkhorn Fault 
The Elkhorn fault is a major, east-dipping, Laramide-aged (~70-50 Ma) reverse fault 
mapped along 65 km of the eastern margin of South Park, a semi-arid intermountain basin near 
the geographic center of Colorado, USA (fig. 2.1a).  The Elkhorn fault separates two aquifers in 
which domestic wells are commonly screened.  The hanging wall is composed of Proterozoic 
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fractured granite.  In the upper 2 km, the sedimentary footwall is composed of the Arkosic 
member of the Tertiary South Park Formation, regionally characterized by interbedded 
sandstone, conglomerate, and mudstone (Sawatzky, 1964; Ruleman and Bohannon, 2008).  
Although it is likely that the Arkosic member has some jointing, its generally weak lithification 
probably limits the contribution of joints to the effective bulk permeability of the upper portion 
of the footwall.  In contrast, the effective bulk permeability of the hanging wall is probably 
controlled almost exclusively by joints and fractures.  Well-yield estimates from domestic well 
development records indicate that both aquifers are generally productive. 
 Four wells were used that have been previously installed near the mapped surface trace of 
the Elkhorn fault (fig. 2.1).  These wells are screened on both sides of the fault (W1 and W2 in 
the crystalline hanging wall; W3 and W4 in the sedimentary footwall) and provide basic geologic 
and geophysical data: lithologic descriptions (all wells) and some core samples (limited to W3), 
and borehole geophysical logs (resistivity, natural gamma, self potential, neutron, and caliper; 
limited to W3 and W4).  Previous slug tests conducted at this site by Marler and Ge (2003)  
provide permeability estimates in three of the wells (table 2.1).  To confirm that these estimates 
are representative of the larger scale permeability structure, single-well pumping tests were 
performed in W2 and W4, the closest wells to the estimated fault location (an obstruction in W3 
prevented measurements other than water levels).  Permeability estimates (table 2.1) were 
analytically derived using the Theis recovery method (Theis, 1935) adapted by McLaughlin 
(1946), and the test specifications are provided in table 2.2.  Large permeability variations exist 
across the well transect (three to five orders of magnitude). However, because there is no surface 
exposure of the fault, these estimates have limited structural context and cannot be directly 
related to the architecture of the fault zone without additional information.  The geoelectrical 
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data presented later in this chapter will add insight into the structural context of these estimates 
and provide additional constraints on the change in permeability between wells. 
Although little hydraulic effect from the Elkhorn fault can be observed in regional water 
levels (Bruce and Kimbrough, 1999), a substantial change in hydraulic gradient was measured 
across the well site, from 0.02 in the hanging wall to 0.22 across the fault and into the footwall 
(fig. 2.2; all results and data shown in the figures and discussed in the text have been projected 
onto Line 1, the origin is coincident with Reference 1 in fig. 2.1b).  This change in hydraulic 
gradient is consistent with groundwater flow being locally influenced by the fault.  The change in 
gradient could be the result of juxtaposing the different permeability hanging wall (high) against 
the footwall (low) (table 2.1), the presence of a hydrologically distinct fault zone that impedes 
cross-fault flow, or a combination of both.  
 
 Permeability  (m2)  
Well Slug test Single-well pumping test  Screen elevation (m) 
1 1.0x10-12 to 1.7x10-12 N/A 2856-2844 
2 8.8x10-12 to 1.6x10-11 2.2x10-12 2877-2868 
3 N/A N/A 2771-2750 
4 2.4x10-16 to 4.6x10-16 4.8x10-15 2790-2773 
 
Table 2.1.  Permeability estimates from slug tests (Marler and Ge, 2003) and single-well 
pumping tests. 
 
 
Single-well pumping      
test specifications  W2 W4 
Pumping rate (liters/min) 20 2 
Pumping duration (min) 165 35 
Recovery duration (min) 180 112 
Total drawdown (m) 0.90 9.51 
 
 
 
Table 2.2. Single-well pumping test specifications for W2 and W4. 
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Figure 2.2. Hydraulic head measurements taken during the self-potential survey.  Vertical 
exaggeration is 2:1. 
2.3   Geoelectrical methods 
2.3.1   Electrical resistivity survey 
Because the Elkhorn fault has no exposed outcrop, the geometry and architecture of the 
fault is unknown.  Several previous investigators have suggested fault dip angles ranging from 
10Û to 60Û (Stark et al., 1949; Sawatzky, 1964; Bryant and Naeser, 1980; Bryant et al., 1981b; 
Ruleman and Bohannon, 2008) and no previous attempts have been made to characterize the 
internal structure of the fault zone.  The resistivity method was used to help resolve this 
geometric ambiguity, to reduce the range of possible fault dip angles, and to identify possible 
changes in resistivity structure that may be related to the development of fault-zone components.   
In most near-surface geologic materials the overall resistivity is controlled by water 
content, clay content/mineralogy, the concentration of dissolved solids in the pore water, and 
temperature (Grant and West, 1965; Zohdy, 1974; Revil et al., 1998).  The major lithologic 
differences between the granitic hanging wall and the relatively clay-rich sandstone footwall 
should result in a measurable contrast in electrical resistivity across the fault.  Furthermore, 
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because of the strong correlation between resistivity, water content, and clay content/mineralogy, 
resistivity structure can lend insight into the degree of fracturing, extensive grain-size reduction, 
and changing clay content/mineralogy.  The development of fault-zone components may 
therefore lead to resistivity contrasts that, if spatially extensive, may be measurable from the 
surface. 
Two lines of direct-current resistivity data were collected with a 100-electrode 
SuperSting system (Advanced Geosciences Inc., Austin, Tex.) on the north and south sides of the 
well transect (fig. 2.1) with 4-m and 3-m electrode spacing, respectively.  Data were collected 
using a Schlumberger array for its sensitivity to both horizontal and vertical features and its good 
signal-to-noise ratio and depth of investigation.   A robust, least-squares inversion was 
performed using EarthImager2D software (Advanced Geosciences Inc., Austin, Tex.) to develop 
models of the heterogeneous resistivity structure, an approach similar to that described by Loke 
and Barker (1994).  Core samples and lithologic and borehole geophysical logs from the wells 
were used to help develop a conceptual geoelectrical model correlating resistivity to lithology.  
Measurements of groundwater resistivity and temperature were generally consistent between 
wells, 50 ohm-meters (ȍm) at 10ÛC and lithologic changes are considered to be the dominant 
source for resistivity contrasts.   
 
2.3.2   Self-Potential Survey 
The self-potential method measures the naturally occurring electrical potential difference 
between two points at the ground surface using a pair of non-polarizing electrodes.  One of these 
electrodes is used as a reference and remains stationary while the roving electrode measures the 
electrical potential at various stations (the solid squares in fig. 2.1).  The resulting data can be 
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compiled into a map of the electrical potential distribution at the ground surface with respect to 
the potential at the reference position. 
There are two main contributions to self-potential signals: electrochemical and 
electrokinetic.  The electrochemical contribution is related to oxidation/reduction reactions 
associated with the presence of ore bodies (Sato and Mooney, 1960) or contaminant plumes 
(Arora et al., 2007; Linde and Revil, 2007).  In the absence of strong chemical reactions, the 
remaining electrokinetic contribution is caused by groundwater flow.  Fluid flow in the pore 
space drags excess positive electrical charge that exists in the pore water in the electrical diffuse 
layer, the region of fluid near the water/mineral interface (Leroy and Revil, 2004).  This dragged 
charge creates a net current density called the streaming current (Sill, 1983).   
The relation between self potential and groundwater flow can be described as a coupled-
flow problem (Revil and Linde, 2006): 
uj Y4 MV ,     (1) 
where j [A m-2] is the total current density, V  [S m-1] is the electrical conductivity of the porous 
material (ı =ȡ-1  where ȡ [ȍm] is the electrical resistivity of the material obtained from the 
electrical resistivity survey), M  [V] is the electrical potential, Y4  [C m
-3] is a coupling term that 
describes the excess charge of the pore water per unit volume, and u[m s-1] is the groundwater 
flow velocity, or specific discharge.  The first term describes the electrical conduction current 
traditionally written in Ohm’s Law.  The second term describes the streaming current generated 
by hydraulic forcing.  The streaming current is defined by Y4 , an aquifer-specific coupling term 
that is mainly dependent on permeability (Jardani et al. 2007), and by Darcy’s law: 
K. u ,      (2) 
where .[m s-1] is the hydraulic conductivity of the material and K is the hydraulic head.   
Because of the coupled relation between fluid flow and electrical potential, self-potential 
measurements are sensitive to changes in groundwater-flow patterns and hydraulic gradients as a 
function of changing permeability and groundwater flow velocity (Birch, 1998; Revil et al., 
2002; Linde et al., 2007).  The streaming potential coupling coefficient C [mV m-1] describes the 
sensitivity of the self-potential signals to hydraulic gradients, 
V
M vQK
h
C  ¸
¹
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©
§
w
w 
 0j
.         (3) 
Using Equations (1) to (3), we can rewrite the total current density as: 
( C h)V M    j .     (4) 
Although coupling can be performed using vQ  derived from experimental relationships 
developed on geologic materials of varying permeability and composition (e.g. Jardani et al. 
2007), the distribution of wells facilitates the development of an apparent streaming potential 
coupling coefficient.  By directly relating the measured gradient in electrical potential to the 
observed gradient of hydraulic head, the results remain unbiased to previous estimates of 
permeability and the need to make assumptions about the spatial consistency of material 
properties.  Typical values of C in relatively fresh groundwater are between -1 and -15 mV m-1 
(Zablocki, 1978; Jackson and Kauahikaua, 1987; Aubert and Atangana, 1996; Birch, 1998; Suski 
et al., 2006; Jardani et al., 2007).  Because this coefficient is generally negative, electrical 
potentials are increasingly positive in the direction of groundwater flow.   
Self-potential measurements were made in the field using a high-impedance voltmeter 
and non-polarizing Cu-CuSO4 electrodes at the locations shown in fig. 2.1b. Stations were 
spaced 10-m apart, and 5-m spacing was used in the 50-m segment over the anticipated fault 
location on Line 1.  At each station, three measurements were taken in holes about 5 cm deep. 
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The representative mean value and standard deviation were calculated.  The average standard 
deviation was 0.95 mV, indicating that these data have a good signal-to-noise ratio.  
 
2.3.3   Reconstruction of the Water Table 
There are two end-member conceptual models for the source of electrical potential 
arising from fluid flow that have strong foundations in both field observations and modeling.  
The first model considers contrasts in saturated fluid flow in unconfined aquifers as the primary 
source (Fournier, 1989). The second model suggests that the total distance over which water 
infiltrates through the vadose zone can be dominant in the absence of strong hydraulic gradients 
(Zablocki, 1978; Jackson and Kauahikaua, 1987; Aubert and Atangana, 1996).  Both source 
models were used in reconstructing the water table across the Elkhorn fault.  Three different 
models were constructed: two using the saturated or vadose zone source models exclusively, and 
one using the vadose zone source in the hanging wall and the saturated source in the footwall.  
All three models resulted in similar hydraulic head reconstructions, and the latter model was 
used for all interpretation and figures.   
The distribution of wells on each side of the fault allows us to develop apparent in situ 
streaming potential coupling coefficients separately for the hanging wall and footwall.  This 
approach naturally accounts for the major contrast in resistivity across the fault as well as any 
permeability differences between the fractured rock hanging wall and the sandstone footwall.  
Using the vadose zone thickness and the self-potential gradient between W1 and W2, an 
apparent coupling coefficient unique to the hanging wall, , was determined using  hC '
)(
)('
12
12
ee
C h 
 MM ,                                               (5) 
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where M  [mV] is the electrical potential measured between the reference electrode and a given 
well and e [m] is the vadose zone thickness measured at the same well.  This yielded C'h = -4.1 
and -6.0 mV m-1 for Lines 1 and 2, respectively.  Similarly, the hydraulic head, h, was used to 
develop the footwall apparent coupling coefficient,  
)(
)('
12
12
hh
C f 
 MM .                                                 (6)  
This yielded C'f = -0.9 and -1.0 mV m-1 for Lines 1 and 2, respectively. 
The calculation of the apparent coupling coefficients supports changing source 
mechanisms between the hanging wall and footwall.  If the distance along which water infiltrates 
through the vadose zone is considered to be the dominant mechanism in the footwall then, by 
using Equation (5), C'f  becomes 1.56 mV m-1 for Line 1.  A positive coupling coefficient is 
inconsistent with observations made between self potential and vadose zone thickness in various 
other studies (Zablocki, 1978; Jackson and Kauahikaua, 1987; Aubert and Atangana, 1996)  and 
the physics of streaming potential at neutral pH (Revil and Leroy 2001).  Furthermore, Aubert 
and Atangana (1996) observed that apparent coupling coefficients relating self potential to 
vadose zone thickness become smaller (less strongly negative) as subsurface resistivity 
decreases, which supports that infiltration is a less important contribution to the self-potential 
signal in the footwall as a result of the substantially reduced resistivity (fig. 2.3a).  Similarly, if 
the saturated flow source acts as the dominant mechanism in the hanging wall and equation (6) is 
applied, the relatively low hydraulic gradient and relatively steep self-potential gradient (fig. 
2.3b and c) results in an unreasonably large C'h  of -44.5 mV m-1 for Line 1.  By considering the 
increasing thickness of the vadose zone as the dominant mechanism in the hanging wall, the 
increasingly negative self potential between W1 and W2 is more reasonably explained.  Both 
sources likely have some influence throughout the well site, but because the apparent coupling 
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coefficients are influenced by all processes and varying physical properties between the wells 
used in their calculation, the individual contributions of each source cannot be determined from 
these data.  
The apparent coupling coefficients were used to reconstruct the position of the water 
table below Lines 1 and 2.  The hanging wall and footwall were separately considered using 1-D 
models that have previously been validated by numerical modeling and field data for other 
studies (Linde et al., 2007).  For the hanging wall, the infiltration model for the vadose zone is 
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For the footwall, the saturated model is 
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.                                               (8) 
In these equations, z [m] represents the surface elevation at a given point p,  [m] and  
[mV] are the reference vadose zone thickness and electrical potential for the hanging wall taken 
at W2, and 
R
he
R
hM
R
fh   [m] and  [mV] are the reference hydraulic head and electrical potential for 
the footwall taken at W4.  Voltage and head continuity boundary conditions were enforced at the 
fault trace at 200 m, spatially constrained by the resistivity profiles (fig. 2.3a), the dominant 
change in self-potential gradients (fig. 2.3b), and the lithologic data from W2 and W3.   
R
fM
Small, single-point variations between self-potential measurements can have substantial 
effects on the resulting calculated hydraulic head.  These variations are most likely caused by 
measurement errors resulting from changes in soil moisture and resistivity at the position of the 
measurement station.  To minimize the impact of these non-hydraulic and localized variations, a 
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non-linear filter (Naudy and Dreyer, 1968) was applied to the self-potential data to average 
single-point deviations of more than 0.5 mV from the surrounding gradient (fig. 2.4a). 
 
2.4   Geoelectrical results  
2.4.1  Resistivity data  
As expected from the lithologic differences, strong resistivity contrasts exist between the 
hanging wall (800+ ȍm) and the footwall (50 to 100 ȍm) (fig. 2.3a).  Because the lithology of 
W2 is described as granite and core samples from W3 are comprised of sandstone, the main fault 
is interpreted to lie between them.  W2 and W3 consistently fall within a moderate resistivity 
feature (200 to 400 ȍm) surrounding the interpreted fault location while W4 only falls within the 
same feature on Line 1.  The moderate resistivity feature may result from a fault zone with 
distinct architectural components and causes for this change in resistivity structure are further 
discussed in section 2.5.  Assuming that the inferred fault zone is relatively symmetrical 
throughout the depth of investigation (60 m), the fault appears to have a near-vertical dip angle 
in the near surface.  
 
Figure 2.3 (next page).  Geoelectrical data from the Elkhorn fault: (a) inverted resistivity 
profiles for Lines 1 and 2, the location of the four wells (solid lines; brackets indicate the 
screened interval of W1 and W2, W3 and W4 are screened 40 and 20 m below the maximum 
depth of investigation, respectively), and the interpreted fault location (dashed line); (b) self-
potential measurements for Lines 1 and 2 showing a distinct change in gradient co-located with 
the interpreted fault (Line 1 trend emphasized in solid lines) and an area of less negative gradient 
surrounding the possible fault zone; (c) gridded self-potential data from Lines 2 through 6 
confirm the consistency of the major change in gradient co-located with the interpreted fault as 
well as a change in the direction of groundwater flow (vertical to horizontal ratio is 1:1).  The 
surface trace of the fault is interpreted to occur between W2 and W3. 
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Additional variations in resistivity structure are present outside of the interpreted fault 
zone.  In the hanging wall, the changing resistivity structure may be the result of changes in the 
mineralogy of the granite.  The large moderate resistivity areas may also be the result of 
increased fracture density and higher water content in comparison to the higher resistivity areas.  
In the footwall, changes in the resistivity structure may be the result of variability in clay 
content/mineralogy and the possible presence of coarse-grained sediment and granite boulders 
not uncommon to the Arkosic member of the South Park Formation. 
 
2.4.2   Self-potential data 
The self-potential profiles were generally consistent along all lines (fig. 2.3b and c).  
They show two distinctly different gradients across the fault, with the dominant change at a 
distance of approximately 200 m, within the moderate-resistivity feature consistent with the 
presence of a fault zone (fig. 2.3a).  This change in gradient lead to the interpretation that the 
fault’s surface trace lies at 200 m.  Additional, more subtle similarities in the self-potential 
results are seen in the footwall within 70 m west of the interpreted fault location.  The negativity 
of the gradient notably decreases between 130 m and 200 m (fig. 2.3b) in comparison to the 
western part of the footwall.  Possible causes of the reduced gradient are discussed in section 2.5. 
Contouring of the self potential in Lines 2-6, referenced to Reference 2 (fig. 2.1b), shows 
a shift in the general direction of the electric field, possibly indicating a slight change in the 
direction of groundwater flow across the interpreted fault trace (fig. 2.3c).  These data suggest 
that groundwater flow is generally perpendicular to the fault in the hanging wall and then 
deflected several degrees towards the south in the footwall.  This deflection also causes the 
geoelectrical lines to be slightly oblique to the electric field in the footwall.  This change in 
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direction may partly contribute to the overall lower self-potential gradient seen throughout the 
footwall in fig. 2.3b. 
 
2.4.3   Water table reconstruction results  
The position of the water table was reconstructed using the self-potential measurements 
along Lines 1 and 2 and measurements of the hydraulic heads in the wells.  In the hanging wall, 
the reconstruction indicates little deviation from the hydraulic gradient measured in W1 and W2 
(fig. 2.4).  The small deviations that do exist, particularly in Line 2, are possibly the result of 
changing flow directions in zones of variable fracture intensity within the granite and may not 
accurately reflect the position of the water table.  Additionally, the eastern-most few self-
potential stations of Line 2 showed increased measurement instability in comparison to the 
remainder of the line.  This instability was attributed to the minimal soil cover and high contact 
resistance on the granite, and may also account for the deviation in calculated hydraulic head east 
of W1. 
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Figure 2.4.  Graphs showing (a) the filtered self-potential profiles for Lines 1 and 2 and (b) the 
calculated hydraulic head from the self-potential data and constrained by the measured hydraulic 
head in the wells (inverted triangles).  
 
The calculated hydraulic head distribution near W3 and W4 reveals more variability than 
is seen in water levels (fig. 2.4b).  The hydraulic gradient between W3 and the interpreted fault 
location is higher than anticipated from well data alone.  The calculated head also lies within 0.2 
m of the ground surface at this location.  Shallow groundwater at this location is supported by the 
presence of a small patch (about 150 m2 ) of plants different from the surrounding grasses (fig. 
2.1c) and similar to those seen in the groundwater-dominated Tarryall Creek Fen about 5 km to 
the north of the well site (Chapman et al., 2003).  West of the coupled zone between W3 and 
W4, additional complexity occurs in the calculated hydraulic head:  the hydraulic gradient 
steepens west of 130 m and the calculated hydraulic head on Line 1 is several meters lower than 
on Line 2 (fig. 2.4b).   
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 2.5   Discussion 
 Two structural scenarios are considered that could reasonably explain the contrast in 
hydraulic gradient across the fault (fig. 2.2): (1) a juxtaposition of different rock units with 
varying permeability, and (2) the introduction of a structurally distinct and hydrologically 
significant fault zone.  In the first and simplest scenario, the increase in hydraulic gradient 
between W2, W3, and W4 compared to that between W1 and W2 could be the result of a lower 
permeability footwall being juxtaposed against a higher permeability hanging wall.  Permeability 
estimates from slug tests and single-well pumping tests support that the sandstone surrounding 
W4 is three to five orders of magnitude lower in permeability than the fractured granite 
surrounding W2 (table 2.1).  However, the geoelectrical data (figs. 2.3 and 2.4) indicate that 
there is more subsurface complexity in the vicinity of the fault than a simple juxtaposition.  The 
geoelectrical data more strongly support the second scenario: the presence of a hydrologically 
significant fault zone.  The moderate resistivity feature between 130 and 210 m (fig. 2.3a) 
suggests that some lithologic changes occur in the immediate area surrounding the fault.  The 
screened intervals of W2, W3, and W4 appear to be within or closely located to the moderate 
resistivity feature, possibly indicating that well hydraulic data are representative of the fault 
zone, not the undeformed protoliths.  Co-located to this resistivity feature, the reduction in the 
self-potential gradient (fig. 2.3b) and changes in the calculated hydraulic gradient (fig. 2.4b) may 
indicate that these possible lithologic changes impact the permeability structure, resulting in 
contrasts in hydraulic gradient that in turn result in the self-potential signature measured across 
the fault.  Although the changes in self-potential gradient may also be related to changes in 
oxidation/reduction potential resulting from mineralization and alteration in the fault zone, 
examination of the core from W3 revealed minimal alteration in short intervals.  This may 
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suggest that alteration of the mineral composition of the fault zone is spatially limited and that 
the groundwater-flow source is still likely to dominate the self-potential signal.    
The geoelectrical data can lend some additional clues towards possible structure of the 
fault zone.  The moderate resistivity feature may be indicative of the presence of a distinct 
damage zone (fig. 2.3a).  The increased degree of fracturing and small faults typically mapped in 
brittle damage zones (Caine and Forster, 1999; Shipton and Cowie, 2001, 2003), in the absence 
of substantial mineralization, would create secondary porosity and increased water content in 
comparison to the undeformed protolith, resulting in the reduction in resistivity in comparison to 
the hanging wall.  The distribution of the moderate resistivity feature, particularly on Line 1, 
indicates that the damage zone may be more extensive in the footwall.  A fault core cannot be 
interpreted from the resistivity data because its relative thickness is likely too small to be 
detected from the surface, particularly at the larger electrode spacing used during this study.  
However, the calculated hydraulic gradient between W3 and the interpreted fault location is 
higher than anticipated from the larger scale water-level measurements (figs. 2.2 and 2.4b), 
possibly indicating that at least part of the fault zone imparts lower permeability with respect to 
cross-fault flow than the surrounding lithologic units.  This observation may indicate the 
presence of a fault core near the interpreted trace location of 200 m.   
The reduction in self-potential gradient between 130 and 200 m (figs. 2.3b and 2.4a) 
could be caused by a reduction in hydraulic gradient, possibly resulting from higher permeability 
in the fault zone.  The reduced self-potential gradient could alternatively indicate that the fault 
zone may contain a vertical component of groundwater flow.  This hypothesis is consistent with 
a heterogeneous permeability structure that imparts anisotropy due to increased fracture and 
small fault intensity.  This anisotropy may result in the fault zone acting as a conduit for vertical 
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flow parallel to the fault and a partial barrier to flow perpendicular to the fault.  Increased 
fracturing in a widely distributed damage zone is supported by the moderate resistivity feature in 
Line 1.  Small, high-angle faults also appear in the limited core samples available for W3.  The 
presence of one or more low-permeability fault cores might also inhibit cross-fault flow and 
vertically divert groundwater.  This vertical flow component would result in a positive self-
potential component that would contribute to the overall negative signals resulting from the steep 
hydraulic gradient between W3 and W4.   
If the moderate resistivity feature between 130 and 210 m represents the fault zone, then 
the apparent coupling coefficient established between W3 and W4 may not accurately reflect the 
coupling between hydraulic head and self potential farther west into the undeformed footwall.  
The apparent coupling coefficient naturally accounts for all potential current sources between the 
wells on each side of the fault, including horizontal and vertical saturated porous flow, possible 
infiltration in the vadose zone, and changes in resistivity structure.  The existing data and in situ 
approach do not allow for the separation of these various contributions.  As such, changes in the 
physical conditions away from the well field, such as changing permeability, permeability 
anisotropy, and groundwater flow direction, may cause the apparent coupling coefficient to no 
longer accurately reflect the relation between self potential and the hydraulic gradient.  
Therefore, the differences in calculated head elevations between Lines 1 and 2 west of W4 may 
be a result of changing coupling relationships and not an accurate representation of the water 
table.  
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2.6   Integrated interpretation of permeability structure 
Based on the results of the resistivity and self-potential surveys in combination with the 
reconstruction of the water table, the Elkhorn fault zone may be composed of a distributed 
damage zone with anisotropic permeability and possibly one or more fault cores imparting a 
combined conduit-barrier hydrogeologic behavior at the meter to tens-of-meters scale (fig. 2.5).  
W2 is fully located within the inferred damage zone of the hanging wall, supporting the 
conclusion that at least part of the damage zone has higher permeability than the undeformed 
granite (table 2.1).  W4 likely lies within the damage zone of the footwall within the depth of 
investigation.  However, the well screen for W4 is located about 30 m below the bottom of the 
resistivity section.  If we assume the damage zone generally maintains its width and dip angle of 
85Û, then the well screen (and low permeability estimates from hydraulic tests) would still fall 
within a damage zone, but no additional data are available to evaluate these assumptions.  W3 
has a well screen about 40 m below the depth of investigation and, following these same 
assumptions, would fall within a damage zone.  This may indicate that at least part of the 
footwall portion of the damage zone has lower permeability than the hanging wall portion, and 
that this reduced permeability is limiting to cross-fault groundwater flow and causes the local 
steepening of hydraulic gradients across the fault. 
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 Figure 2.5. Conceptual model developed from hydrological and geoelectrical data.  The fault 
zone is likely comprised of a damage zone characterized by increased fracturing and 
permeability anisotropy enhancing vertical groundwater flow.  A low-permeability fault core is 
inferred within the fault zone (dashed line).   
 
2.7   Conclusions 
Permeability heterogeneity introduced by faults can have substantial effects on 
groundwater flow, but in situ hydrologic and geologic data documenting fault-zone permeability 
are sparse, particularly at well-field to regional scales.  Because the Elkhorn fault has no exposed 
outcrop, the architecture of the fault zone is unobservable and understanding the hydraulic 
impact of the fault is particularly challenging.  Water levels taken in four wells across the fault 
indicate that permeability generally decreases from the hanging wall to the footwall.  
Permeability estimates from slug tests and single-well pumping test experiments are consistent 
with this decrease and vary over a few orders of magnitude across the site, but the lack of 
outcrop or detailed documentation of the spatial extent and nature of the fault zone hinders our 
ability to understand these data in the structural context of the fault.  The integration of electrical 
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resistivity and self-potential data provided additional insight into fault-zone architecture and 
permeability structure.   
 Electrical resistivity tomography profiles reveal that the fault zone may contain increased 
fracturing in a damage zone in the 70 meters surrounding the fault and that three of the wells 
likely fall within this zone.  A slight departure from the general self-potential gradient supports 
the possibility of a vertical flow component in a damage zone resulting from permeability 
anisotropy or that one or more fault cores are present that locally alter groundwater-flow 
direction.  Self-potential data further suggest that the larger scale groundwater-flow direction 
shifts southward several degrees across the fault.   Reconstruction of the water table from the 
self-potential measurements suggests that the initial change in hydraulic gradient between the 
hanging wall and footwall is slightly steeper than suggested by the well data alone, supporting 
the interpretation of a relatively low permeability fault core.  The permeability estimates from 
hydraulic testing and the interpretation of geoelectrical data suggest that the Elkhorn fault 
behaves as a combined conduit-barrier to groundwater flow at the scale of meters to tens-of-
meters.   
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CHAPTER 3 
 
IN PURSUIT OF THE ELKHORN FAULT 
 
 
Abstract
Groundwater flow in the vicinity of fault zones is poorly understood and difficult to 
characterize.  Characterization is difficult in part because few in situ data on the hydraulic 
properties of fault zones exist that can be used to correlate geologic structures and fluid flow 
processes.  To gather new in situ permeability data on the Elkhorn fault in South Park, Colorado, 
a drilling project was undertaken.  Direct-current resistivity and transient electromagnetic 
methods were used to identify a location where the Elkhorn fault could be reasonably penetrated 
by a shallow borehole.  
The main borehole, ElkM3, was core drilled through crystalline rock to its full depth of 
69 m.  The borehole passed directly through a major resistivity contrast similar to that of known 
granite/sandstone fault contacts in the region.  Analyses of drill core and borehole geophysical 
data provide insight into the source of resistivity contrasts within the crystalline rocks.  The 
abundance of phyllosilicate minerals in the rock matrix and microfractures was strongly 
correlated to the variability in resistivity with depth at the site, and may have played a major role 
in defining the structure initially interpreted as the Elkhorn fault.  Macroscopic fracture intensity 
was found to be relatively uniform throughout the depth of the borehole and fracture orientation 
does not convincingly correlate to the major change in resistivity.   
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3.1   Introduction 
Faults are ubiquitous in mountainous regions and can have substantial impacts on fluid 
flow and solute transport at multiple spatial scales.  However, there are few in situ data on the 
hydraulic properties of fault zones that can be used to correlate geologic structures and fluid-flow 
processes.  As a result, groundwater flow through these heterogeneities is poorly understood.  A 
new borehole was proposed to be drilled to obtain in situ hydrological, geophysical, and 
geological data on a large displacement, inactive fault: the Elkhorn fault in central Colorado (fig. 
3.1).  The specific objectives of this research were (1) to characterize the impact of the fault on 
groundwater flow at centimeter, borehole (meter), and well-field scales (10s to 100s of meters), 
(2) to document an interdisciplinary approach to characterizing the hydrogeology of faults, and 
(3) to provide much needed hydrological and structural data on a common type of fault: a reverse 
fault with a crystalline hanging wall and sedimentary footwall.  Critical components of this 
research included attempting to drill a cored borehole through the fault zone and adjacent 
protolith rock units, comprehensive borehole geophysical characterization including optical and 
acoustic televiewer imaging, hydraulic testing of the recovered drill core and in situ at borehole 
and well-field scales to define the permeability structure in and near the fault, and cross-fault 
pumping tests to evaluate the bulk hydrogeologic impact of the fault on well-field scale 
groundwater flow.  Funding secured for this activity allowed a total drilling depth of 
approximately 100 m. 
The Elkhorn fault has been mapped along 65 km of the eastern margin of South Park, an 
intermountain basin separating the Front and Mosquito Ranges that forms the upper drainage 
basin of the South Platte River in central Colorado (fig. 3.1).  The Elkhorn fault is a Laramide-
aged (70-45 Ma) reverse fault that places Proterozoic crystalline rocks over Phanerozoic 
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sedimentary rocks (Wyant and Barker, 1976; Ruleman and Bohannon, 2008).  In its upper 2 km, 
the footwall is composed of the Tertiary South Park Formation, dominated by arkosic sediment 
underlain by tuffaceous, conglomeratic, and volcanic members.  The hanging wall is composed 
of fractured granitic intrusions within biotite-rich gneiss and schist.  Minimum displacement 
estimates along the fault range from 3 to 4 km (Stark et al., 1949), however, some have 
suggested that the total displacement could exceed 10 km (Sterne, 2006).  The fault trace is 
commonly mapped near the contact between the western boundary of the exposed Proterozoic 
granite and the quaternary sediments that overlie the South Park Formation.  Because no outcrop 
of the fault itself exists, few physical data confirming the geometry of the fault trace were 
available to guide the placement of the borehole prior to this study.  
 
Figure 3.1 (next page).  Maps showing (a) the approximate mapped trace of the Elkhorn fault in 
the north-central portion of the South Park basin and larger scale maps detailing the best-
available surface geology and distribution of geophysical data collected at the (b) Lost Park, (c) 
Tarryall, and (d) South Park Conjunctive Use Project (SPCUP) geophysical target sites.   
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3.1.1   Previous mapping of the Elkhorn fault 
 
Previous investigators have mapped the Elkhorn fault and interpreted fault dip angles 
ranging from 10 to 60 degrees (Stark et al., 1949; Sawatzky, 1964; Barker and Wyant, 1976; 
Wyant and Barker, 1976; Bryant and Naeser, 1980; Bryant et al., 1981b; Ruleman and 
Bohannon, 2008; Ruleman et al., 2011).  Driller’s logs from the few boreholes in the area 
provide limited constraint on the position of the subsurface contact between the hanging wall and 
footwall.  One exploratory oil and gas well does intersect the Elkhorn fault (fig. 3.1) and 
provides the most robust evidence for the fault’s subsurface geometry.  The Tarryall-Federal 1-
17 borehole was originally drilled in 1991, re-entered in 2000, and has since been abandoned.  
The drilling log description identifies the contact between the crystalline rocks and the South 
Park Formation at 580 meters depth (fig. 3.2).  The average dip angle of the fault near the 
borehole was determined lie between 23 and 38 degrees using simple trigonometry and the 
assumption that the trace of the fault is buried somewhere between the exposed granite and the 
nearest outcrop of the South Park Formation (700 m and 1250 m from the borehole, 
respectively).  Possible curvature in the fault’s subsurface geometry could locally cause steeper 
and shallower segments. 
The borehole geophysical logs from Tarryall Federal 1-17 (Colorado Oil and Gas 
Commission public records, accessible at http://ogcc.viis.state.co.us/, accessed March 2008) 
provide valuable insight into the possible contrasts in electrical properties associated with the 
Elkhorn fault (fig. 3.2b). Induction logs identify measureable contrasts in resistivity between the 
hanging wall crystalline rock (~200-2000 ohm-m (ȍm)) and footwall sedimentary rock (~10-100 
ȍm).  This resistivity signature supports the use of electrical geophysical methods in near-
surface fault mapping.  Furthermore, resistivity is locally reduced in comparison to the protoliths 
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over a total width of nearly 50 m, 30 m in the described hanging wall and 20 m in the described 
footwall, which may be indicative of an electrically and perhaps lithologically distinct fault zone 
(fig. 3.2b).   
Previous geophysical investigations of South Park have had limited success in defining 
the location and geometry of the Elkhorn fault, although they do provide some guidance in 
method selection for additional study.  Gravity mapping and modeling of eastern South Park 
have led to interpretations of both low- and high-angle faults from very similar datasets (Sabet, 
1966; Snyder, 1968).  Due to the difficulty in constraining the density of different rocks, gravity 
models can be particularly non-unique with respect to determining the geometry of geologic 
contacts.  Unpublished industry seismic data collected several miles south of Tarryall-Federal 1-
17 show reflectors that support the interpretation of the fault with an average dip angle between 
30 and 40 degrees.  However, defining the geometry of the Elkhorn fault within the upper 
hundred meters of the subsurface (i.e. the target drillable-depth range within the budget) is not 
possible with the resolution of these data.  Higher resolution, shallow seismic data were collected 
by students at the Colorado School of Mines Dept. of Geophysics field camp. Dissertations 
publishing these data only show interpreted sections that obscure the data themselves and 
relatively few lines were collected across the fault trace estimated on geologic maps (Leighton, 
1969; Beggs, 1976; Durrani, 1980).  In more recent field camps, data that directly crossed the 
mapped fault trace and granite outcrop were unable to image any strong reflections associated 
with the fault (unpublished data, Colorado School of Mines field camp records).  This may 
indicate that there is not a strong velocity contrast between the granite and South Park 
Formation, or that the geometry of the fault is not ideal for seismic detection, such as a vertical 
contact.  The limited prior success of shallow seismic surveys and gravity methods at defining 
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the subsurface geometry or trace location of the Elkhorn fault further support the use of electrical 
geophysical approaches in this study. 
 
Figure 3.2. Lithologic and partial electromagnetic induction log from the Tarryall Federal 1-17 
borehole.  Data digitized from Colorado Oil and Gas Commission public records accessible at 
URL KWWSRJFFYLLVVWDWHFRXV, accessed March 2008. 
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3.1.2   New Approach  
Electrical methods were selected to identify the contact between the granite and 
sedimentary rocks that comprise the hanging wall and footwall, respectively.  This approach was 
determined to be the most suitable for several reasons.  The resistivity of geologic materials has 
been documented to vary over several orders of magnitude (Harvey, 1928; Parasnis, 1956; Keller 
and Frischknect, 1966).  The likely differences in clay content and porosity between the granite 
and sedimentary rocks make it probable that measurable differences in resistivity exist.  The 
electrical contrast seen in Tarryall-Federal 1-17 in the drillers log near the interpreted 
intersection with the fault further supports the hypothesis that a measurable electrical contrast 
could be used to define the position of the fault.  Electrical methods can also be economically 
deployed at multiple scales.   
Three target sites were identified in the northern part of South Park for geophysical 
mapping and potential drilling (fig. 3.1).  Northern South Park was targeted in general because 
the fault is typically mapped as a single trace (not several splays as mapped to the south) and 
displacements are likely larger than to the south, based on the stratigraphic juxtaposition mapped 
near the Proterozoic/Phanerozoic contact (discussed in Appendix 4A).  These sites met basic 
initial criteria for suitable drilling locations: (1) each site has granite outcrop, which provides the 
only robust control on the eastern-most possible trace of the fault and allows collection of core 
samples and hydraulic data  representative of the hanging wall, (2) the outcrop could be 
reasonably accessed by a drilling rig, (3) the site was not closely located to surface water bodies 
that would create undesirable boundary conditions for hydraulic tests, and (4) the landowner 
granted access to the property.  Areas near surface water bodies and neighborhood subdivisions 
with subsurface utilities were avoided because of the logistical difficulties they would present to 
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the collection of electrical geophysical data.  The northern-most Lost Park site (fig. 3.1b) was 
specifically selected because an adjacent road cut provides some constraint on the geology 
underlying the Quaternary deposits and because this is one of the only tracts of public land 
coinciding with the granite outcrop.  The southern-most South Park Conjunctive Use Project 
(SPCUP) site (fig. 3.1d) was selected because of the presence of five wells that had been 
previously installed in the area.  The data from these wells provided confirmation of the 
subsurface geology for evaluating the fault position and for interpreting the geophysical data.  
The Tarryall site (fig. 3.1c) was selected because of its central location between the other two 
sites and the low-relief granite outcrop, which contrasts with the steeper nature of the outcrop at 
the other two sites. 
3.2   Geophysical methodology 
Two different methods were used to attempt to define the geometry of the Elkhorn fault.  
These methods allow the resistivity structure to be defined at different scales.  Direct-current 
(DC) resistivity data provide the highest-resolution data with a depth of investigation of about 60 
m.  The transient electromagnetic data (TEM) have lower resolution, particularly in the 
horizontal direction, but a larger depth of investigation of nearly 300 m.  This multi-scale 
approach was selected to maximize the data resolution within the feasible drilling range while 
still allowing for broader structural context. 
 
3.2.1   Direct-current resistivity method 
DC resistivity measurements are made by transmitting current into the subsurface and 
simultaneously measuring the resulting potential across two electrodes in electrical contact with 
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the ground.  Electrical resistance is then calculated by dividing the measured voltage by the 
transmitted current, as classically described by Ohm’s Law.  By increasing the distance between 
electrodes, deeper resistance data can be obtained.  The apparent resistivity of the subsurface is 
calculated by multiplying each resistance measurement by a geometric factor determined by the 
geometry of the electrode array.  Apparent resistivity is the electrical resistivity over an 
equivalent electrically homogeneous and isotropic subsurface and represents the average 
resistivity of a more realistic, heterogeneous subsurface.  To help determine a viable 
heterogeneous distribution of electrical resistivity, a non-unique numerical inverse model 
solution is developed.  The resistivity technique is described in detail by Grant and West (1965) 
and Zohdy et al. (1974).   
To define the electrical structure of the upper 60 m, DC resistivity data were collected 
along two-dimensional (2-D) profiles at each site using a 100+ electrode SuperSting system 
(Advanced Geosciences Inc., Austin, Tex.) or a 64-electrode Terrameter system (ABEM 
Instruments, Sundbyberg, Sweden) (fig. 3.1).  The profiles were oriented perpendicular to the 
inferred strike of the granitic contact.  Data were collected using a Schlumberger array for its 
sensitivity to both horizontal and vertical features, its good signal-to-noise ratio, and depth of 
investigation.  The acquisition parameters for each line are documented in table 3.1.   
The geometric factor used to calculate apparent resistivity from the resistance 
measurements requires an accurate representation of the electrode positions.  The land-surface 
topography and electrode positions along each DC-resistivity line were georeferenced using one 
of two methods: global positioning system (GPS) and leveling.  When available, dual-frequency 
GPS1200+ (Leica Geosystems, St. Gallen, Switzerland) GPS units were used in a base station 
and rover configuration.  The absolute horizontal and vertical positions of the base station were 
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constrained through the National Geodetic Survey’s Online Positioning User Service and rover 
data were post-processed to correct for this absolute position.  The horizontal and vertical 
accuracy of the base station position is estimated to be ±0.04 and ±0.13 m, respectively, and the 
mean relative error between rover points is estimated to be less than 0.01 m for both horizontal 
and vertical positions.  When unavailable, an SET-2 total station leveling system (Sokkisha Co. 
Ltd. (presently Sokkia), Tokyo, Japan) was used from a local benchmark, and the benchmark 
horizontal position was established using a handheld eTrex GPS (Garmin Ltd., Olathe, KS).  The 
vertical position of the benchmark was derived from the USGS 10-m National Elevation Dataset.  
The horizontal accuracy of the benchmark is estimated to be ± 6 m, and the mean relative error 
between total station points is estimated to be less than 0.01 m for both horizontal and vertical 
positions.  
A topographically corrected 2-D least-squares inversion was performed using 
EarthImager2D software (Advanced Geosciences Inc., Austin, TX) to develop models of the 
heterogeneous resistivity structure, an approach similar to that described by Loke and Barker 
(1994).  Specific inversion parameters for each line are documented in table 3.2.  The exposed 
surface geology and core samples, lithologic descriptions, and borehole geophysical logs from 
the SPCUP and Tarryall-Federal 1-17 wells were used to help develop a conceptual geoelectrical 
model correlating resistivity to lithology.  Measurements of groundwater resistivity and 
temperature were taken at the wells located at the SPCUP site.  These parameters were relatively 
consistent between wells, 50 ȍm at 10ÛC.  Because of the consistency in fluid properties, 
geologic variability was considered to be the dominant source of resistivity contrast in the 
development of the geoelectrical model.  
        
Site 
Line 
E
lectrode 
spacing 
E
lectrodes 
per spread 
Total 
num
ber of 
electrodes 
Total 
line 
length 
A
rray type 
T
ransm
ission 
tim
e 
C
urrent 
setting 
R
esistivity 
system
 
G
eoreferencing 
system
 
Lost 
Park 
D
C
1 
5 m
 
108 
108 
535 m
 
Schlum
berger 
800 m
s 
2000 m
A
 
m
ax 
SuperSting 
Total station/ 
hand-held G
PS 
Tarryall 
D
C
2 
5 m
 
64 
80 
395 m
 
Schlum
berger 
300 m
s 
100 m
A
 m
in 
Terram
eter 
Total station/ 
hand-held G
PS 
Tarryall 
D
C
3 
5 m
 
64 
80 
395 m
 
Schlum
berger 
300 m
s 
100 m
A
 m
in 
Terram
eter 
Total station/ 
hand-held G
PS 
SPC
U
P 
D
C
4 
4 m
 
100 
100 
396 m
 
Schlum
berger 
800 m
s 
2000 m
A
 
m
ax 
SuperSting 
dual-frequency G
PS 
SPC
U
P 
D
C
5 
3 m
 
100 
100 
297 m
 
Schlum
berger 
800 m
s 
2000 m
A
 
m
ax 
SuperSting 
dual-frequency G
PS 
 T
able 3.1. Sum
m
ary of direct-current resistivity acquisition param
eters 
          
 
 
 
Site 
Lost Park 
Tarryall 
SPC
U
P 
L
ine num
ber 
D
C
1 
D
C
2 
D
C
3 
D
C
4 
D
C
5 
 
 
 
 
 
 
Initial settings 
 
 
 
 
 
M
in. voltage 
0.2 V
 
0.2 V
 
0.2 V
 
0.2 V
 
0.2 V
 
M
in. resistance 
0.5 m
ohm
 
0.5 m
ohm
 
0.5 m
ohm
 
0.5 m
ohm
 
0.5 m
ohm
 
M
in. apparent resistivity 
1 ohm
-m
 
1 ohm
-m
 
1 ohm
-m
 
1 ohm
-m
 
1 ohm
-m
 
M
ax. apparent resistivity 
10 kohm
-m
 
10 kohm
-m
 
10 kohm
-m
 
10 kohm
-m
 
10 kohm
-m
 
M
ax. repeat error 
3%
 
3%
 
3%
 
3%
 
3%
 
M
ax. reciprocal error 
5%
 
5%
 
5%
 
5%
 
5%
 
Inversion m
ethod 
R
obust 
Sm
ooth 
Sm
ooth 
Sm
ooth 
Sm
ooth 
 
 
 
 
 
 
Forw
ard m
odeling 
 
 
 
 
 
M
ethod 
Finite-elem
ent 
Finite-elem
ent 
Finite-elem
ent 
Finite-elem
ent 
Finite-elem
ent 
Solver 
C
holesky 
decom
position 
C
holesky 
decom
position 
C
holesky 
decom
position 
C
holesky 
decom
position 
C
holesky 
decom
position 
N
um
ber of elem
ents betw
een electrodes 
2 
4 
4 
4 
4 
Thickness increm
ental factor 
1.1 
1.1 
1.1 
1.1 
1.1 
D
epth factor 
1.1 
1.1 
1.1 
1.1 
1.1 
 
 
 
 
 
 
R
esistivity inversion 
 
 
 
 
 
M
ax. num
ber of iterations 
8 
8 
8 
8 
8 
M
ax. R
M
S residual 
3%
 
1%
 
1%
 
3%
 
3%
 
M
in. error reduction 
3%
 
2%
 
2%
 
5%
 
5%
 
Starting m
odel 
A
verage apparent 
resistivity 
A
verage apparent 
resistivity 
A
verage apparent 
resistivity 
A
verage apparent 
resistivity 
A
verage apparent 
resistivity 
M
in. resistivity 
1 ohm
-m
 
1 ohm
-m
 
1 ohm
-m
 
1 ohm
-m
 
1 ohm
-m
 
M
ax. resistivity 
10 kohm
-m
 
100 kohm
-m
 
100 kohm
-m
 
100 kohm
-m
 
100 kohm
-m
 
H
orizontal/vertical roughness ratio 
1.2 
0.5 
0.5 
0.5 
0.5 
Terrain corrected 
yes 
yes 
yes 
yes 
yes 
 
 
 
 
 
 
M
odel fit 
 
 
 
 
 
C
onvergence iteration 
4 
8 
8 
3 
3 
R
oot-m
ean square error 
5.09%
 
1.74%
 
1.72%
 
6.48%
 
11.29%
 
 T
able 3.2. Sum
m
ary of direct-current resistivity inversion param
eters. 
 
 
 
3.2.2   Transient electromagnetic method 
Transient electromagnetic (TEM) soundings are used to infer the one-dimensional (1-D) 
electrical resistivity structure of the subsurface.  A constant electric current, passed through a 
square loop of insulated wire laying on the ground surface, produces a primary magnetic field.  
The current in the transmitter loop then is abruptly stopped, inducing electric currents in the 
subsurface below the loop.  This primary current density diffuses into the subsurface much like a 
diffusing smoke ring (Nabighian, 1979).  As the current diffuses downward and outward and 
interacts with the subsurface, eddy currents are generated in conductive bodies and give rise to a 
secondary magnetic field that is recorded as a voltage in a small receiving loop at the ground 
surface.  This voltage is measured at sequential time intervals, with later time intervals 
corresponding to greater depths in the earth.  The amplitude and rate of decay of the secondary 
magnetic field are a function of the subsurface resistivity structure.  By using numerical 
inversion, a 1-D model is created that represents the heterogeneous resistivity structure of the 
subsurface.  The TEM method is described in more detail by Fitterman and Stewart (1986). 
To define the electrical structure of the upper 300 m, TEM soundings were performed at 
the Tarryall and SPCUP sites (fig. 3.1).  All soundings were collected using a GDP-32 receiver 
(Zonge Engineering and Research Corporation, Tucson, AZ) in combination with NT-20 and 
ZT-30 transmitters and a 100-m transmitter loop.  Data were collected at two different current 
settings, 4 Amps and 20 Amps, to balance near-surface resolution with depth of investigation.   
Horizontal positions of the center and corners of each sounding loop were determined using a 
handheld eTrex GPS (Garmin Ltd., Olathe, KS); position accuracy is estimated to be ± 6 m.  
Elevations were estimated from the USGS 10-m National Elevation Dataset.  Acquisition 
parameters for each TEM sounding are presented in table 3.3.  Data were evaluated and 
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processed using SiTEM v.3.1.13.86 and inverted using Semdi v. 3.1.14.88 (HydroGeophysics 
Group, Univ. of Aarhus, Denmark).  Noise thresholds and inversion parameters are presented in 
table 3.4.  All inversions were performed with 500 ȍm starting models.  Two styles of inversions 
were conducted:  the smooth models have 20 layers that can vary in resistivity but are 
constrained to a particular thickness; the minimum-layer models contain a limited number of 
layers (typically less than 5) that can vary from their starting models in thickness and resistivity.  
Smooth model inversions have an additional constraint that prevents abrupt changes in resistivity 
between adjacent layers, whereas the minimum-layer models allow larger resistivity contrasts 
between layers.  As such, smooth model inversions can be a more appropriate modeling routine 
where gradual changes are anticipated, while minimum-layer model inversion may better 
represent abrupt changes in geology.  The local geology may present both cases; the lithologic 
juxtaposition created by the fault may be best modeled by the layered-earth inversion, while 
changes in resistivity structure within the footwall and hanging wall may be better modeled with 
the smooth inversion.   Both inversion model results are presented. 
 
 
 
 
Site
Sounding 
num
ber
L
oop 
geom
etry 
L
oop side 
length 
Tx system
 
T
x turn-
on tim
e 
T
x turn-
off tim
e 
A
ntenna 
delay 
T
x 
current
T
x 
frequency 
Tarryall 
1 
square 
100 m
 
N
T-20 
1 m
s 
100 ȝs 
200  ȝs 
7 am
p 
32 H
z 
Tarryall 
1 
square 
100 m
 
ZT-30 
1.5 m
s 
200 ȝs 
200  ȝs 
25 am
p 
2 H
z 
Tarryall 
2 
square 
100 m
 
N
T-20 
1 m
s 
100 ȝs 
200  ȝs 
7 am
p 
32 H
z 
Tarryall 
2 
square 
100 m
 
ZT-30 
1.5 m
s 
200 ȝs 
200  ȝs 
25 am
p 
2 H
z 
Tarryall 
3 
square 
100 m
 
N
T-20 
1 m
s 
100 ȝs 
200  ȝs 
7 am
p 
32 H
z 
Tarryall 
3 
square 
100 m
 
ZT-30 
1.5 m
s 
200 ȝs 
200  ȝs 
26 am
p 
32 H
z 
Tarryall 
3 
square 
100 m
 
ZT-30 
1.5 m
s 
200 ȝs 
200  ȝs 
26 am
p 
2 H
z 
Tarryall 
4 
square 
100 m
 
N
T-20 
1 m
s 
100 ȝs 
200  ȝs 
7 am
p 
32 H
z 
Tarryall 
4 
square 
100 m
 
ZT-30 
1.5 m
s 
200 ȝs 
200  ȝs 
25 am
p 
2 H
z 
Tarryall 
5 
square 
100 m
 
N
T-20 
1 m
s 
100 ȝs 
200  ȝs 
7 am
p 
32 H
z 
Tarryall 
5 
square 
100 m
 
ZT-30 
1.5 m
s 
200 ȝs 
200  ȝs 
26 am
p 
2 H
z 
Tarryall 
6 
square 
100 m
 
N
T-20 
1 m
s 
100 ȝs 
200  ȝs 
7 am
p 
32 H
z 
Tarryall 
6 
square 
100 m
 
ZT-30 
1.5 m
s 
200 ȝs 
200  ȝs 
26 am
p 
2 H
z 
Tarryall 
7 
square 
100 m
 
N
T-20 
1 m
s 
100 ȝs 
200  ȝs 
7 am
p 
32 H
z 
Tarryall 
7 
square 
100 m
 
ZT-30 
1.5 m
s 
200 ȝs 
200  ȝs 
25 am
p 
2 H
z 
Tarryall 
8 
square 
100 m
 
N
T-20 
1 m
s 
100 ȝs 
200  ȝs 
7 am
p 
32 H
z 
Tarryall 
8 
square 
100 m
 
ZT-30 
1.5 m
s 
200 ȝs 
200  ȝs 
24 am
p 
2 H
z 
Tarryall 
9 
square 
100 m
 
N
T-20 
1 m
s 
100 ȝs 
200  ȝs 
7 am
p 
32 H
z 
Tarryall 
9 
square 
100 m
 
ZT-30 
1.5 m
s 
200 ȝs 
200  ȝs 
25 am
p 
2 H
z 
Tarryall 
7 
square 
100 m
 
N
T-20 
1 m
s 
100 ȝs 
200  ȝs 
7 am
p 
32 H
z 
Tarryall 
7 
square 
100 m
 
ZT-30 
1.5 m
s 
200 ȝs 
200  ȝs 
25 am
p 
2 H
z 
 
T
able 3.3. Sum
m
ary of transient electrom
agnetic sounding acquisition param
eters. 
 
 
 
 
Site 
Sounding 
num
ber 
Loop 
geom
etry 
Loop side 
length 
Tx system
 
Tx turn-
on tim
e 
Tx turn-
off tim
e 
A
ntenna 
delay 
Tx 
current 
Tx 
frequency 
SPC
U
P 
1 
square 
100 m
 
N
T-20 
1 m
s 
100 μs 
15 μs 
7 am
p 
32 H
z 
SPC
U
P 
1 
square 
100 m
 
ZT-30 
1.5 m
s 
200 μs 
200  μs 
25 am
p 
32 H
z 
SPC
U
P 
1 
square 
100 m
 
ZT-30 
1.5 m
s 
200 μs 
200  μs 
25 am
p 
2 H
z 
SPC
U
P 
2 
square 
100 m
 
N
T-20 
1 m
s 
100 μs 
15 μs 
7 am
p 
32 H
z 
SPC
U
P 
2 
square 
100 m
 
ZT-30 
1.5 m
s 
200 μs 
200  μs 
25 am
p 
32 H
z 
SPC
U
P 
2 
square 
100 m
 
ZT-30 
1.5 m
s 
200 μs 
200  μs 
24 am
p 
2 H
z 
SPC
U
P 
3 
square 
100 m
 
N
T-20 
1 m
s 
100 μs 
15 μs 
7 am
p 
32 H
z 
SPC
U
P 
3 
square 
100 m
 
ZT-30 
1.5 m
s 
200 μs 
200  μs 
25 am
p 
32 H
z 
SPC
U
P 
3 
square 
100 m
 
ZT-30 
1.5 m
s 
200 μs 
200  μs 
25 am
p 
2 H
z 
SPC
U
P 
4 
square 
100 m
 
N
T-20 
1 m
s 
100 μs 
15 μs 
7 am
p 
32 H
z 
SPC
U
P 
4 
square 
100 m
 
ZT-30 
1.5 m
s 
200 μs 
200  μs 
26 am
p 
2 H
z 
SPC
U
P 
5 
square 
100 m
 
N
T-20 
1 m
s 
100 μs 
15 μs 
7 am
p 
32 H
z 
SPC
U
P 
5 
square 
100 m
 
ZT-30 
1.5 m
s 
200 μs 
200  μs 
26 am
p 
2 H
z 
SPC
U
P 
6 
square 
100 m
 
N
T-20 
1 m
s 
100 μs 
15 μs 
7 am
p 
32 H
z 
SPC
U
P 
6 
square 
100 m
 
ZT-30 
1.5 m
s 
200 μs 
200  μs 
25 am
p 
2 H
z 
SPC
U
P 
7 
square 
100 m
 
N
T-20 
1 m
s 
100 μs 
15 μs 
7 am
p 
32 H
z 
SPC
U
P 
7 
square 
100 m
 
ZT-30 
1.5 m
s 
200 μs 
200  μs 
25 am
p 
2 H
z 
SPC
U
P 
8 
square 
100 m
 
N
T-20 
1 m
s 
100 μs 
15 μs 
7 am
p 
32 H
z 
SPC
U
P 
8 
square 
100 m
 
ZT-30 
1.5 m
s 
200 μs 
200  μs 
26 am
p 
2 H
z 
SPC
U
P 
9 
square 
100 m
 
N
T-20 
1 m
s 
100 μs 
200  μs 
7 am
p 
32 H
z 
SPC
U
P 
9 
square 
100 m
 
ZT-30 
1.5 m
s 
200 μs 
200  μs 
26 am
p 
2 H
z 
SPC
U
P 
10 
square 
100 m
 
N
T-20 
1 m
s 
100 μs 
20 0  μs 
7 am
p 
32 H
z 
SPC
U
P 
10 
square 
100 m
 
ZT-30 
1.5 m
s 
200 μs 
200  μs 
24 am
p 
2 H
z 
SPC
U
P 
11 
square 
100 m
 
N
T-20 
1 m
s 
100 μs 
200  μs 
7 am
p 
32 H
z 
 T
able 3.3 (continued). Sum
m
ary of transient electrom
agnetic sounding acquisition param
eters. 
 
 Site 
Sounding 
N
um
ber 
of data 
points 
N
um
ber 
of 
m
odel 
layers 
Total 
m
odel 
depth 
M
in. 
resistivity 
M
ax. 
resistivity 
Starting m
odel resistivity 
N
um
ber of 
iterations 
G
oodness 
of fit (Ȥ
2) 
Sm
ooth inversions 
 
 
 
 
 
 
Tarryall 
1 
21 
20 
252 m
 
0.5 ȍ
m
 
20000 ȍ
m
 
Sounding 2 inverted m
odel 
16 
0.649 
Tarryall 
2 
23 
20 
252 m
 
0.5 ȍ
m
 
20000 ȍ
m
 
A
ll layers = 500 ȍ
m
 
16 
0.71 
Tarryall 
3 
36 
20 
252 m
 
0.5 ȍ
m
 
20000 ȍ
m
 
A
ll layers = 500 ȍ
m
 
11 
0.591 
Tarryall 
4 
24 
20 
252 m
 
0.5 ȍ
m
 
20000 ȍ
m
 
A
ll layers = 500 ȍ
m
 
13 
1.588 
Tarryall 
5 
29 
20 
252 m
 
0.5 ȍ
m
 
20000 ȍ
m
 
Sounding 6 inverted m
odel 
11 
5.777 
Tarryall 
6 
30 
20 
252 m
 
0.5 ȍ
m
 
20000 ȍ
m
 
A
ll layers = 500 ȍ
m
 
50 
1.709 
Tarryall 
7 
32 
20 
252 m
 
0.5 ȍ
m
 
20000 ȍ
m
 
A
ll layers = 500 ȍ
m
 
22 
1.212 
Tarryall 
8 
34 
20 
252 m
 
0.5 ȍ
m
 
20000 ȍ
m
 
A
ll layers = 500 ȍ
m
 
31 
1.727 
Tarryall 
9 
38 
20 
252 m
 
0.5 ȍ
m
 
20000 ȍ
m
 
A
ll layers = 500 ȍ
m
 
38 
0.834 
Tarryall 
10 
38 
20 
252 m
 
0.5 ȍ
m
 
20000 ȍ
m
 
A
ll layers = 500 ȍ
m
 
32 
1.101 
 
 
 
 
 
 
 
 
 
 
SPC
U
P 
1 
42 
20 
252 m
 
0.5 ȍ
m
 
20000 ȍ
m
 
A
ll layers = 500 ȍ
m
 
5 
0.905 
SPC
U
P 
2 
34 
20 
252 m
 
0.5 ȍ
m
 
20000 ȍ
m
 
A
ll layers = 500 ȍ
m
 
6 
0.498 
SPC
U
P 
3 
31 
20 
252 m
 
0.5 ȍ
m
 
20000 ȍ
m
 
A
ll layers = 500 ȍ
m
 
27 
0.8 
SPC
U
P 
4 
26 
20 
252 m
 
0.5 ȍ
m
 
20000 ȍ
m
 
A
ll layers = 500 ȍ
m
 
16 
1.261 
SPC
U
P 
5 
32 
20 
252 m
 
0.5 ȍ
m
 
20000 ȍ
m
 
A
ll layers = 500 ȍ
m
 
13 
2.51 
SPC
U
P 
6 
29 
20 
252 m
 
0.5 ȍ
m
 
20000 ȍ
m
 
A
ll layers = 500 ȍ
m
 
19 
0.437 
SPC
U
P 
7 
24 
20 
252 m
 
0.5 ȍ
m
 
20000 ȍ
m
 
A
ll layers = 500 ȍ
m
 
23 
1.101 
SPC
U
P 
8 
35 
20 
252 m
 
0.5 ȍ
m
 
20000 ȍ
m
 
A
ll layers = 500 ȍ
m
 
27 
1.102 
SPC
U
P 
9 
28 
20 
252 m
 
0.5 ȍ
m
 
20000 ȍ
m
 
A
ll layers = 500 ȍ
m
 
32 
0.908 
SPC
U
P 
10 
31 
20 
252 m
 
0.5 ȍ
m
 
20000 ȍ
m
 
A
ll layers = 500 ȍ
m
 
20 
1.107 
SPC
U
P 
11 
13 
20 
252 m
 
0.5 ȍ
m
 
20000 ȍ
m
 
Sounding 10 inverted 
m
odel 
20 
0.755 
 T
able 3.4. Sum
m
ary of transient electrom
agnetic inversion param
eters. 
 
 
 
 
 
 
 
Site 
Sounding 
N
um
ber 
of data 
points 
N
um
ber 
of m
odel 
layers 
M
in. layer 
thickness 
M
ax. layer 
thickness 
M
in. 
resistivity 
M
ax. 
resistivity 
Starting m
odel resistivity 
N
um
ber 
of 
iterations 
G
oodness 
of fit (Ȥ
2) 
M
inim
um
-layer inversions 
 
 
 
 
 
 
 
 
Tarryall 
1 
21 
3 
1 m
 
500 m
 
0.1 ȍ
m
 
20000 ȍ
m
 
1000, 100, and 500  ȍ
m
 
3 
0.619 
Tarryall 
2 
23 
3 
1 m
 
500 m
 
0.1 ȍ
m
 
20000 ȍ
m
 
1000, 100, and 500  ȍ
m
 
10 
0.639 
Tarryall 
3 
36 
3 
1 m
 
500 m
 
0.1 ȍ
m
 
20000 ȍ
m
 
1000, 100, and 500  ȍ
m
 
4 
0.575 
Tarryall 
4 
24 
3 
1 m
 
500 m
 
0.1 ȍ
m
 
20000 ȍ
m
 
1362, 116, and 760  ȍ
m
 
3 
1.584 
Tarryall 
5 
29 
3 
1 m
 
500 m
 
0.1 ȍ
m
 
20000 ȍ
m
 
1000, 50, and 10000  ȍ
m
 
6 
3.195 
Tarryall 
6 
30 
3 
1 m
 
500 m
 
0.1 ȍ
m
 
20000 ȍ
m
 
1000, 50, and 10000  ȍ
m
 
26 
1.499 
Tarryall 
7 
32 
3 
1 m
 
500 m
 
0.1 ȍ
m
 
20000 ȍ
m
 
1000, 50, and 5000  ȍ
m
 
6 
1.153 
Tarryall 
8 
34 
3 
1 m
 
500 m
 
0.1 ȍ
m
 
20000 ȍ
m
 
1000, 50, and 5000  ȍ
m
 
6 
1.212 
Tarryall 
9 
38 
3 
1 m
 
500 m
 
0.1 ȍ
m
 
20000 ȍ
m
 
1000, 50, and 1000  ȍ
m
 
16 
0.828 
Tarryall 
10 
38 
3 
1 m
 
500 m
 
0.1 ȍ
m
 
20000 ȍ
m
 
1000, 50, and 1000  ȍ
m
 
14 
1.096 
 
 
 
 
 
 
 
 
 
 
 
SPC
U
P 
1 
42 
4 
0.1 m
 
500 m
 
0.5 ȍ
m
 
20000 ȍ
m
 
A
ll layers = 50 ȍ
m
 
10 
0.908 
SPC
U
P 
2 
34 
4 
0.1 m
 
500 m
 
0.5 ȍ
m
 
20000 ȍ
m
 
A
ll layers = 50 ȍ
m
 
13 
0.502 
SPC
U
P 
3 
31 
4 
0.1 m
 
500 m
 
0.5 ȍ
m
 
20000 ȍ
m
 
A
ll layers = 50 ȍ
m
 
13 
0.754 
SPC
U
P 
4 
26 
4 
0.1 m
 
500 m
 
0.5 ȍ
m
 
20000 ȍ
m
 
A
ll layers = 50 ȍ
m
 
8 
1.267 
SPC
U
P 
5 
32 
4 
0.1 m
 
500 m
 
0.5 ȍ
m
 
20000 ȍ
m
 
A
ll layers = 50 ȍ
m
 
6 
1.946 
SPC
U
P 
6 
29 
4 
0.1 m
 
500 m
 
0.5 ȍ
m
 
20000 ȍ
m
 
A
ll layers = 50 ȍ
m
 
6 
0.562 
SPC
U
P 
7 
24 
4 
0.1 m
 
500 m
 
0.5 ȍ
m
 
20000 ȍ
m
 
A
ll layers = 50 ȍ
m
 
4 
1.149 
SPC
U
P 
8 
35 
4 
0.1 m
 
500 m
 
0.5 ȍ
m
 
20000 ȍ
m
 
A
ll layers = 50 ȍ
m
 
13 
1.119 
SPC
U
P 
9 
28 
4 
0.1 m
 
500 m
 
0.5 ȍ
m
 
20000 ȍ
m
 
A
ll layers = 50 ȍ
m
 
16 
0.974 
SPC
U
P 
10 
31 
4 
0.1 m
 
500 m
 
0.5 ȍ
m
 
20000 ȍ
m
 
A
ll layers = 50 ȍ
m
 
4 
1.589 
SPC
U
P 
11 
13 
4 
0.1 m
 
500 m
 
0.5 ȍ
m
 
20000 ȍ
m
 
A
ll layers = 50 ȍ
m
 
14 
1.128 
 T
able 3.4 (continued). Sum
m
ary of transient electrom
agnetic inversion param
eters. 
3.3   Geophysical mapping results 
3.3.1   Direct-current resistivity results 
Similarities in resistivity structure were seen in the DC resistivity data between the three 
sites (fig. 3.3).  The resistivity structure generally follows a pattern of a relatively high-resistivity 
unit in the eastern part of the section juxtaposed against different geometries of a relatively low- 
to moderate-resistivity unit to the west.  Geologic data available in the form of granite outcrop 
(all sites), exposed sedimentary rocks (Lost Park site), and existing borehole data (SPCUP site in 
addition to induction logs from Tarryall-Federal 1-17) were used to develop geologic 
interpretations.   
At the Lost Park site, the geoelectrical structure of DC1 can be well correlated to the 
rocks seen in the adjacent road cut and on the surface (figs. 3.1b, 3.3a).  The high-resistivity unit 
to the east is likely composed of the coarse-grained granite seen in outcrop.  The low-resistivity 
unit to the west coincides with the topographic valley along the line and is well correlated with 
the red mudstone of the Jurassic Morrison Formation (Jm) seen in the road cut.  The geometry of 
the resistivity contrast between these two units suggests a west-dipping geologic contact between 
these crystalline and sedimentary units.  The topographic rise and slight increase in resistivity 
values in the western-most extent of the section are well correlated to the Cretaceous Dakota 
sandstone (Kd) seen in the road cut. 
The resistivity data do not support the presence of a reverse fault near the topographic 
break at the Lost Park site.  A depositional contact between the crystalline and sedimentary rocks 
is interpreted as a likely geologic source of the main resistivity contrast between the high- and 
low-resistivity materials.  This interpretation is consistent with the dipping syncline shown in 
geologic maps of the area (Barker and Wyant, 1976; Bryant et al., 1981b; Ruleman et al., 2011) 
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and with the general dip angles observed in the Dakota and Morrison Formations along the 
resistivity line.  No major resistivity contrasts consistent with the east-dipping geometry of the 
Elkhorn fault can be seen in DC1.  
At the SPCUP site, fluid resistivity measurements, core samples, and lithologic and 
borehole geophysical logs from the wells were used to help interpret the resistivity structure seen 
in DC4 and DC5 (fig. 3.3c).  The high-resistivity body to the east is correlative with granite seen 
in outcrop.  The electrical juxtaposition between the major resistivity units appears to be near 
vertical (DC4) or slightly east dipping (DC5), consistent with the interpretation of a west-verging 
reverse fault such as the Elkhorn fault.  Visual inspection and thin section analysis of drill core 
samples available for W3 show that the moderate-resistivity values obtained in the DC lines are 
representative of poorly to moderately consolidated sandstone and siltstone.  Rounded grains are 
evident in the thin sections, as well as the development of a clayey matrix (fig. 3.4).  Some 
evidence of deformation in the form of small high-angle faults in drill core samples and possible 
low-grade hydrothermal alteration in thin sections further support that the electrical contact 
between W2 and W3 is representative of a fault, possibly the Elkhorn.   
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 Figure 3.3. Inverted resistivity sections for (a) DC1 from the Lost Park site, (b) DC2 and DC3 
from the Tarryall site, and (c) DC4 and DC5 from the SPCUP site.  Lithologic descriptions from 
the five existing wells are overlain on the sections from the SPCUP site.   
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 Figure 3.4.  Photographs of thin sections from SPCUP well W3 showing angular to subrounded 
quartz and feldspar grains in a fine-grained sedimentary matrix.  Intragranular fracturing is 
common.  The thin section shown in (b) has been impregnated with a blue-dyed epoxy. 
 
There is substantially more variation in the western part of the resistivity section at the 
SPCUP site compared to the Lost Park site (fig. 3.3).  This is likely the result of the variability in 
mineral composition, porosity, and clay content of the South Park formation in comparison to the 
Morrison and Dakota formations.  This may also be the result of alteration in the immediate 
vicinity of a fault.  The range of resistivity values and the magnitude of the contrast of the near-
vertical contact are consistent with the electrical signature seen in the induction logs from the 
Tarryall-Federal 1-17 borehole at the described location of the Elkhorn fault (fig. 3.2). This 
similarity in electrical signature, in combination with the correlation of the resistivity structure to 
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the available lithologic information from the SPCUP wells and the geometry of the resistivity 
structure support the conclusion that the trace of a reverse fault lies near the topographic slope 
break with a subvertical dip to the east in the upper 60 m of the subsurface. 
Interpretation of the DC resistivity sections from the Tarryall site lacks the benefit of 
wells or road cuts, but the electrical structure can still be correlated to the surface geology and 
topography.  The high-resistivity material in the eastern half of DC2 and DC3 can be correlated 
to the low-relief granite outcrop seen at the surface (fig. 3.3).  The major resistivity contact 
appears to be dipping between 25 and 35 degrees to the east.  West of the granite outcrop, 
Quaternary alluvial sediments compose the surface geology.  The western part of the section lies 
on a tableland that steps down towards Tarryall Creek to the south and west and may represent a 
stream terrace one to two levels above the present floodplain (about 6 m in height).  Wyant and 
Barker (1976) mapped small outcrops of the upper arkosic member of the South Park Formation 
nearby, and it is likely that this formation underlies the terrace (fig. 3.1 (c)). The lack of major 
resistivity contrasts between the soil seen at the surface and the material at depth below the high-
resistivity granite supports the interpretation of a sedimentary unit similar in composition to the 
alluvial sediment underlying the western half of the section and dipping eastward below the 
granite. The electrical signature of this contact is nearly identical to the near-vertical contact 
interpreted as a fault juxtaposing sedimentary and crystalline rocks at the SPCUP site (fig. 3.3c), 
the sedimentary/crystalline contact at the Lost Park site (fig. 3.3a), and is also consistent with the 
electrical signature of the Elkhorn fault from the Tarryall-Federal 1-17 (fig. 3.2). These 
similarities in electrical structure to the better-constrained interpretations of the other sites, in 
addition to the similarity in exposed surface geology and consistency with the proposed 
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geometry of the Elkhorn fault, strongly supports the interpretation of the dipping electrical 
contrast being indicative of the Elkhorn. 
 
3.3.2   Transient electromagnetic results 
TEM soundings were inverted and compiled into transects by site (figs. 3.1, 3.5, and 3.6).  
TEM data were not collected at the Lost Park site because the DC resistivity results did not show 
any features indicative of a reverse fault consistent with the Elkhorn.  Both smooth and 
minimum-layer models for each transect are presented.  Inverse models are presented in two 
different color scales: the data are presented in the color scale used for the DC resistivity sections 
to allow direct comparison and also in an expanded scale that more clearly shows the variability 
in the TEM models. 
 The large-scale resistivity structure defined by the TEM transects varies from east to 
west: east-dipping high and low resistivity layers are seen in the eastern part of the transect, 
while low resistivity layers are more consistently found to the west (figs. 3.5 and 3.6).  This is 
consistent with the resistivity structure defined in the DC resistivity results.  The region 
underlying the granite outcrop is generally more resistive at the Tarryall site (1000-1500ȍm) in 
comparison to the SPCUP site (600-1000ȍm).   
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Figure 3.6. Profiles of TEM2 from the SPCUP site showing 1-D smooth and layered-earth 
inversion results at (a) the same resistivity color scale as used for the DC resistivity lines and (b) 
at a color scale that better emphasizes the range of resistivity values in the TEM results.  The 
extent of DC4 is outlined in black for reference. 
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 Figure 3.7.  Graphs showing smooth and minimum-layer inversion model fits for the Tarryall 
site.  Measured apparent resistivity data are shown with vertical error bars; calculated apparent 
resistivity models are shown as lines. 
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Figure 3.8.  Graphs showing smooth and layered-earth inversion model fits for the SPCUP site.  
Measured apparent resistivity data are shown with vertical error bars; calculated apparent 
resistivity models are shown as lines. 
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TEM1 shows a few interesting resistivity structures.  An east-dipping resistor (1000 to 
1500 ȍm) over conductor (100 to 150 ȍm) over resistor (600 to 1000 ȍm) structure is seen from 
the eastern part of the transect.  This layered system thins to the west and extends to sounding 4.  
The first two layers are both spatially and electrically consistent with the collocated contact seen 
in DC2 and DC3 that was interpreted as the juxtaposition of crystalline and sedimentary rocks in 
a west-verging reverse fault (fig. 3.3b).  This resistivity structure is also consistent with the 
geological concept of the Elkhorn fault trace existing near the western extent of the granite 
outcrop and a dip angle between 20 and 40 degrees.  The third layer was interpreted as a 
sedimentary unit within the South Park Formation.  Soundings 5 and 6 from TEM1 show a very 
high resistivity layer immediately below a thin low resistivity layer.  It should be noted that the 
model fits for soundings 5 and 6 are poor at late times (greater depths) (fig. 3.7), and that these 
inverse models should be considered poorly constrained.  Although the data from these 
soundings clearly indicate a very different resistivity structure than the surrounding soundings, 
models could not be created that well-represented these data, particularly with respect to 
sounding 5.  Soundings 7 and 8 also identify a deep resistor, but again the models were not well 
constrained at depth and the geometry of the layer between soundings was not considered with 
much weight.  This high-resistivity feature may be the result of the Link Springs tuff member 
that is seen as a resistor in outcrop in TEM2 (fig. 3.6).  
TEM2 shows more gradual changes in resistivity and fewer distinct features than those 
seen in TEM1.  The 1300 ȍm layer seen near the surface in sounding 11 is interpreted to be the 
Link Spring Tuff Member of the South Park Formation, which can be seen in outcrop.  The 600-
1000 ȍm layers in soundings 1 and 2 likely correspond to the granite seen in outcrop, while the 
50-250 ȍm layers immediately west in soundings 3 through 10 are likely associated with the 
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South Park Formation identified in the lithologic records. The main transition from high- to low-
resistivity layers in the upper 100 m between soundings 2 and 3 is consistent with the location 
identified in the DC resistivity sections. The thickness of the high resistivity layer increases with 
depth to the east in a geometry consistent with a reverse fault. However, the TEM data in 
sounding 2 have very wide error bars (fig. 3.8), and as a result the TEM model for sounding 2 
should be treated with some caution with respect to both resistivity value and layer positioning, 
especially at depth. Because the DC data more tightly constrain the inferred fault angle within 
the upper 100 m, the interpretation of the fault as a high angle structure within its drillable range 
at the SPCUP site remains viable. 
 
3.4   Drill site selection 
Results from the geophysical surveys, particularly the DC resistivity results, were 
considered in combination with logistical and financial constraints to select an appropriate drill 
site from the three study areas.  The Lost Park site was not determined to be an acceptable site 
for drilling through the Elkhorn fault.  Based on the geoelectrical results of DC1, the contact 
between the granite and the Morrison Formation is interpreted to be a depositional contact in the 
flank of a syncline.  Because this geometry is inconsistent with the reverse, east-dipping nature 
of the Elkhorn fault, the Elkhorn fault was not interpreted to be within a drillable depth of the 
granite outcrop and therefore is an inappropriate drill site.   
The SPCUP site was also not selected as a practical drilling location.  The near-vertical 
nature of the contact, although consistent with the assumed basic geometry of the Elkhorn fault, 
would require greater drilling distances to reach the fault through the hanging wall and would 
also likely require drilling an angled hole; both of these conditions would have increased the cost 
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of the drilling operation and may not have been feasible under the financial constraints of the 
project.  The poor consolidation of the rocks from the drill core samples led to serious concerns 
about the competency of an angled hole, especially through the fault zone.  If the new borehole 
had to be cased before geophysical logging, data vital to fault-zone characterization would have 
been unacquirable, particularly optical and acoustic televiewer data and borehole flow meter 
testing. The likelihood that borehole geophysical logs necessary for the characterization of the 
fault zone would not be able to be collected made this site less appealing.  Furthermore, the 
construction of a properly sealed well screen at the fault is crucial to conducting robust cross-
fault aquifer tests.  The interpreted near-vertical contact from DC3 and DC4 would require a very 
long sealed interval to isolate the two sides of the fault and would require additional drilling to 
create a sufficiently long screened interval in the footwall.  The near-vertical fault may also 
present difficulties in conducting packer tests of the fault zone, if distinct structural components 
were found during drilling.   
The Tarryall site was selected as the drill site for several reasons.  The dipping resistivity 
contrast was much lower angle than at SPCUP while still being of the correct geometry to be 
indicative of the Elkhorn fault.  This lower angle creates a shallower drilling target that could 
also likely be sampled with a vertical hole. Because a vertical hole is less likely to collapse than 
one that’s angled, it was more likely that the Tarryall site would provide the opportunity to run 
the full suite of geophysical tools and hydraulic tests, leading to better characterization of the 
fault zone.  Furthermore, the reduced drilling distance and less-technical vertical-drilling 
methodology presented by the Tarryall site was more financially realistic than a deeper, angled 
hole that the SPCUP site would require.  The similar resistivity structure at the three sites, the 
consistency between the TEM and DC resistivity datasets, and the correlation between the 
  66 
overall resistivity structure and the granitic outcrop provided confidence in the interpretation of 
the Elkhorn fault underlying the Tarryall site within a drillable depth.  
 
3.5   Drilling results 
The initial borehole, ElkM3, was drilled along DC2 about 15 m east of the edge of the 
granite outcrop (fig. 3.1c).  Drilled to a total depth of 69 m, no sedimentary rocks were 
encountered (fig. 3.9).  This borehole did not penetrate the Elkhorn fault, and the geophysical 
exploration data revealed no additional structures in the feasible drilling range that validated 
extending the borehole to greater depths.  Two additional wells, ElkM1 and ElkM2, were 
installed to a total depth of 16.4 m and 17.2 m, respectively, in a relatively closely spaced “L” 
configuration to maximize the utility of ElkM3 for future hydraulic testing. 
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Figure 3.9.  Borehole data collected from ElkM3, including lithologic descriptions and 
geophysical logs.  Long- (64N, gray line) and short-normal (16N, black line) resistivity, natural 
gamma, temperature, and self potential logs are shown, as well as water-bearing fracture zones 
identified by the borehole flow meter. 
  68 
20
40
60
0
2830
2820
2810
2800
2790
2780
2770
0
Natural gamma
(cps)
200
400
600
800
Temperature
(  F)
Relative flow
(%)
Self potential
(mV)
Resistivity
(:m)
-50
50 150
250
350
450
43.0
44.0
45.0
46.0
47.0
48.0
Depth (m)
Elevation (m)
2840
Lithologic
description
Explanation
Gneiss
Medium-grained granite 1
Saprolitic granite
Pegmatite
Water level during borehole logging
o
10
30
50
70
Medium-grained granite 2
0 30 60
4
3
2
1
100
1K 10K
64N
16N
Continuous drill core samples were collected from each well.  The Elk wells encountered 
four major types of crystalline rock: weathered, somewhat saprolitic granite near the surface 
underlain by alternating sections of feldspar-rich pegmatite, medium-grained feldspar- and mica-
rich granite, and biotite-rich, fine-grained gneiss (figs. 3.9 and 3.10a). The medium-grained 
granite was subdivided into two components for the purpose of description: unit 1 is generally 
grayish pink in color and very competent, while unit two is somewhat less competent and can be 
characterized by a greenish tint to the groundmass or the development of red staining around 
mica grains (figs. 3.9 and 3.10a).  Fractures and small faults are prevalent throughout all three 
holes and are occasionally lined with clay or other minerals of varying composition (fig. 3.10b).  
Within the gneiss, “haloes” of yellow stain extend into the rock groundmass around some 
fractures. 
A series of borehole geophysical logs were collected in ElkM3 prior to well construction 
to help characterize the physical and hydraulic properties of the borehole.  A suite of resistivity, 
natural gamma, fluid temperature/conductivity, and self-potential logs were collected (fig. 3.9), 
in addition to acoustic and optical televiewer images, caliper logs, and full waveform sonic logs 
(not shown).  An electromagnetic borehole flow meter was used to identify water-bearing 
fractures within the borehole (fig. 3.9 and table 3.5).  The flow meter was initially positioned at 
the bottom of the borehole and a pump was set at 15.2 m depth.  While pumping, the flow meter 
was raised vertically and the flow passing through the flow meter was monitored.  As 
hydraulically conductive fractures were encountered, the flow rate measured by the flow meter 
would increase.  Drawdown in the borehole water level was less severe than initially anticipated, 
and the pump was able to be reset to a higher level part-way through the test (10.7 m depth) to 
allow for the shallower parts of the borehole to be measured.   
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Borehole geophysical and flowmeter data were examined for patterns that might correlate 
to the hydrologic productivity of fractures.  Four main hydraulically conductive fractures were 
identified with the borehole flow meter (fig. 3.9, table 3.5).  Of the total flow being removed 
from the pipe, 2.9 gpm when the flow meter reached its shallowest setting, 1.7 gpm remained 
unaccounted for and is assumed to lie somewhere between the pump and the water level prior to 
pumping (zone 1 in fig. 3.9). The fluid temperature log shows the strongest correlation to the 
hydraulically conductive fractures.  Because the temperature log was collected immediately 
following drilling, it is likely that the borehole fluid was dominated by drilling water, which was 
generally colder than native groundwater.  With the exception of zone 4, which has the lowest 
flow of all the identified flow zones, warm anomalies can be seen at the same depth as 
hydraulically conductive fractures.  Furthermore, the magnitude of the anomaly is correlated to 
the magnitude of the flow from the zone (fig. 3.11).  
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Figure 3.10.  Photographs of drill core samples from ElkM3 showing (a) major rock types and 
(b) examples of fractures and small faults lined with clay and other minerals, and surrounded by 
stained halos.   
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Flow zone  Depth (m) Flow (gpm) Pumping rate (gpm) % total flow 
1 10.7 1.7 2.9 59.5 
2 14.3 0.2 2.9 8.4 
3 24.1 0.8 3.2 25.3 
4 53.3 0.1 3.2 3.5 
Table 3.5.  Numerical data resulting from the borehole flowmeter tests.  Zones are identified in 
fig. 3.9. 
 
 
 
 
Figure 3.11. Fluid temperature anomalies correlated to flow zones in borehole ElkM3. 
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3.5.1. Comparison of surface and borehole geophysical data 
Throughout this study, resistivity data have been collected through a variety of 
techniques and at different scales.  The TEM data represent the largest scale, with a depth of 
investigation of approximately 300 m and the most limited horizontal resolution due to the 
relatively large footprint of the TEM system, which scales with the diameter of the transmitter 
loop (100 m).  The DC resistivity data have increased horizontal resolution in comparison to the 
TEM, but the total depth of investigation is reduced to about 60 m.  The down-hole orientation of 
the electrode array within the borehole resistivity tool results in the highest vertical resolution of 
all the methods.  This down-hole orientation also results in a 90 degree rotation of the depth of 
investigation direction, and the distance between electrodes limits the depth of investigation to 
about 0.3 and less than 0.1 m horizontally into the formation for the long and short normal 
resistivity, respectively.  By the nature of each technique, there are also some differences in the 
orientation of the electric fields.  The TEM and surface DC resistivity techniques predominantly 
create electric fields oriented horizontally to the land surface, while the vertically oriented 
borehole resistivity array creates an electric field normally oriented to the land surface. 
Within their overlapping vertical depths of investigation, all three techniques show a 
high-resistivity unit overlying a low-resistivity unit (fig. 3.12).  However, some notable 
differences do exist.  Because of the differences in electric field orientation, sensitivity, and 
resolution between the techniques, an exact replication of resistivity values and structure are not 
anticipated between the different results.  The TEM models are very similar in magnitude when 
compared to the DC resistivity data if one considers the typical values of the high resistivity unit 
east of ElkM3.  The TEM models show the break between the two resistivity units at a lower 
depth at the ElkM3 position than in the DC resistivity results.  The DC results show that the 
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contact is not flat-lying but dipping toward the east.  Because the TEM sounding straddles this 
dipping feature, it represents a spatially averaged estimate of the resistivity structure and is also 
influenced by the deeper extents of the high resistivity unit immediately east of the ElkM3.   
The electrical structure defined by DC2 appears to be correlated to changes in crystalline 
rock type (fig. 3.13). The transition to the medium-grained granite that composes the majority of 
the hole correlates to the position of the dipping conductive layer in DC2.  The borehole 
resistivity logs are also generally consistent with the relative resistivity structure defined by DC2 
and TEM1.  Figure 3.12 compares a sample of the resistivity results from each method at the 
position of the ElkM3 borehole below the water table.  When comparing the DC resistivity 
model to the long-normal resistivity, the magnitude of the difference between the two resistivity 
units is quite similar, but the DC resistivity data are about an order of magnitude less resistive 
than the long-normal resistivity data.  The position of ElkM3 does not pass through the highest 
resistivity parts of the DC resistivity profile (fig. 3.13), and the high resistivity unit in DC2 is 
more typically characterized by resistivity values between 1,000 to 2,000 ohm-m (figs. 3.3 and 
3.13).  These values still do not approach the 3000+ ohm-m that are seen in the high resistivity 
unit of the borehole logs.  Why the reduction in resistivity with increasing scale?  The larger 
sampled volume of the DC resistivity method could have encountered more fractures than 
encountered at the borehole scale, leading to an overall increase in water content and a reduction 
in resistivity at larger scales. 
The major contrast in the DC model is well aligned with the contact between the gneiss 
body and the lower granitic rock (fig 3.12).  In the borehole resistivity logs, the gneiss unit 
appears to be relatively conductive in comparison to the surrounding granitic rocks, but the DC 
and TEM models do not appear to be resolving the gneiss as a relatively conductive unit.  It is 
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possible that this gneiss body is not spatially extensive enough to be resolved from the surface.  
Metasedimentary rocks entrained in intrusions can have complex geometries and be spatially 
erratic.  The 3D shape of the gneiss unit cannot be resolved from the geophysical data, but the 
gneiss appears to be somewhat spatially extensive based on the drill core.  Within the footprint of 
the well field, each well encountered gneiss at a similar depth and the thickness of this unit is 
consistently between 7 and 11 m. Resistivity anisotropy of the gneiss is another possible factor 
that may cause the gneiss unit to be resolved differently between techniques. The orientation of 
certain minerals, such as mica, can impart resistivity anisotropy by providing a directionally 
preferred pathway for electrical current (Keller and Frischknect, 1966; Connell et al., 2000).  The 
vertical and horizontal orientation the electric field in the borehole and surface geophysical 
techniques, respectively, would result in different measured resistivity values in an anisotropic 
medium.  The gneiss does exhibit a distinct fabric, and the dip of this fabric appears to be 
subvertical and could provide a preferential current flow direction along the plane parallel to 
mica cleavage.  A second direction of preferential flow would occur along the strike of the 
fabric, which cannot be resolved as the core are only vertically oriented.  This leads to ambiguity 
in fully resolving the possible in situ anisotropy of the gneiss.  
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Figure 3.12.  Graph showing vertical resistivity profiles for each method at the position of the 
ElkM3 borehole.  Long-normal borehole resistivity is shown with an extraction from surface 
resistivity line DC2 and transient electromagnetic sounding 2 from TEM1.  Borehole lithologic 
descriptions are shown in the background. 
 
 
Figure 3.13.  The inverted resistivity section from DC2 is overlain with the lithologic description 
from ElkM3. 
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3.6   Discussion 
“If you torture the data enough, they’ll confess to anything…” 
- Mark Cane 
The geoelectrical model developed from the Lost Park and SPCUP sites, although 
constrained at those locations, has proven to be a poor representation of the Tarryall site.  
Initially, the available lithologic data from the Lost Park and SPCUP sites were used to correlate 
the resistivity structure seen in the DC and TEM data to lithologic sources.  While the geologic 
interpretations at the Lost Park and SPCUP sites are viable and provide insight into the structural 
geology of the area, drill core from ElkM3 conclusively show that the pre-drilling interpretation 
of the Tarryall site was incorrect.  The “simplest case” model assumed that the similarity in the 
electrical structures between the sites indicated a similarity in lithology.  Given the available 
lithologic information before drilling and current theories of the structural geology of South 
Park, this interpretation was both reasonable and likely.  However, this assumption had not 
accounted for the complex resistivity structure of the crystalline rocks in the area.  The high 
resistivity layers seen in the inversions from TEM1 soundings 5 through 8, although poorly 
constrained, may indicate that the crystalline rocks extend several hundred meters west from the 
outcrop and possibly farther still (figs. 3.5 and 3.7).  The results of borehole ElkM3 indicate that 
the electrical signature of the Elkhorn fault identified in Tarryall-Federal 1-17 and the SPCUP 
site interpretations is not unique from the signature of the crystalline body itself, and further 
interpretation of the resistivity structure of the South Park basin should be done with caution.   
Why does the geoelectrical model developed at the other two sites break down for the 
Tarryall site?  Resistivity data are commonly collected from bodies of crystalline rock to make 
interpretations about the presence and orientation of fracture zones, changes in permeability, and 
water content (Lane et al., 1995; Frohlich et al., 1996; Seaton and Burbey, 2000; Sharma and 
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Baranwal, 2005).  It is often assumed that fracture intensity and secondary porosity will control 
the resistivity structure in near-surface crystalline rocks, where other fundamental controls of 
resistivity are typically assumed to be minimal.  Understanding the sources of substantial 
resistivity changes in crystalline rocks would be beneficial to these types of studies and of 
scientific interest.  Further investigation of the relationships presented by these data could 
potentially yield insight into the hydrological interpretation of electrical data from fractured rock 
environments.   
The resistivity of geologic materials (or its reciprocal, conductivity) is controlled by the 
quantity and composition of pore fluids, clay content/mineralogy, mineral composition of the 
rock matrix, and temperature (Grant and West, 1965; Keller and Frischknect, 1966; Telford et 
al., 1990).  For most rocks near the earth’s surface, electrical current is dominantly 
electrolytically conducted through pore fluids.  As the effective porosity and ionic content of the 
fluid increases, the overall resistivity of geologic materials decreases.  In addition to electrolytic 
conduction, surface conduction along mineral surfaces can also play a role in determining the 
resistivity of a material.  The geometry of clay particles and their cation exchange capacity 
increases the surface conduction of clay minerals in comparison other silicates and 
aluminosilicates and can substantially reduce the overall resistivity of a given geologic material 
(Revil et al., 1998).  Resistivity can also be notably reduced by some non-clay minerals if present 
in large enough concentrations.  These minerals commonly include magnetite, specular hematite, 
carbon, graphite, and metallic sulfides (Keller and Frischknect, 1966).  Finally, below 300ºC, 
increasing temperature results in an increase in ion mobility and a decrease in fluid viscosity, 
which in turn increases surface and electrolytic conduction and reduces the overall resistivity of a 
material (Nesbitt, 1993; Revil et al., 1998). 
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Some of the parameters controlling resistivity can be reasonably assumed to be constant 
at the Tarryall site.  Temperature is unlikely to be the source of major resistivity contrast.  Using 
the relation between temperature and resistivity developed by Revil et al. (1998) and modified by 
Hayley et al. (2007), a conservative resistivity anomaly of 500 ȍm would require a change in 
temperature of more than 100ºC. Given that there are no geothermal features in the immediate 
area and the relatively small distance over which the resistivity contrast occurs, changes in 
temperature of the magnitude required would be unreasonable.  Fluid resistivity is also assumed 
to be relatively constant across the site.  Groundwater samples collected in the wells following 
well development show similar fluid resistivity values between all three wells (table 3.6).  These 
fluid resistivity measurements are also consistent with the fluid resistivity measured at the 
SPCUP site (50 ȍm).   Each well was constructed as essentially an open hole, and ElkM3 is 
open to both the high resistivity and low resistivity units.  The pump was set near the electrical 
contact in the DC resistivity data, and the water purged by well development would likely be a 
mix of water from both below and above the contact.  ElkM1 and ElkM2 were not drilled below 
the electrical contact and should not contain water from the low resistivity unit assuming that the 
pumping did not induce substantial upwelling.  The similarity of fluid resistivity between all 
three wells despite the different units being sampled supports the assumption that there are no 
major changes in fluid resistivity at the Tarryall site.  
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 Parameter ElkM1 ElkM2 ElkM3 
Total water volume purged (gallons) 112.5 45.4 408.2 
Total well volumes replaced 5.1 2.1 3.4 
Fluid resistivity at beginning of development (ohm-m, at 10 deg C) 55 55 58 
Fluid resistivity at end of development (ohm-m at 10 deg C) 57 53 66 
 
Table 3.6.  Table showing the fluid resistivity and volume of water removed during well 
development. 
 
Multiple working hypotheses were developed to explore the remaining factors controlling 
resistivity: 
1. The low resistivity unit has higher fracture intensity than the high resistivity 
unit.  The higher fracture intensity would result in increased effective porosity 
and water content, and the unit would therefore be lower in resistivity.   
2. The nature of the fractures (clay-filled vs. mineralized vs. open) differs 
between the high and low resistivity units.  Clay or other conductive mineral 
linings in the fracture space could substantially reduce the overall resistivity of 
the material.   
3. There are mineralogical differences within the matrix of the crystalline rock 
that result in substantial changes in resistivity. 
 
Existing surface and borehole geophysical data and core samples were further analyzed to test 
each of these hypotheses.   
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3.6.1   Testing hypothesis 1: fracture intensity 
If significant differences in secondary effective porosity and water content through 
macroscopic fractures are responsible for the resistivity contrasts, fracture intensity should be 
higher in the low resistivity unit.  Acoustic and optical televiewer logs were used to delineate 
fractures in borehole ElkM3, and fracture intensity was calculated at a variety of resolutions to 
attempt to identify spatial patterns that may correlate to other physical or hydraulic properties 
within the borehole.  The software package WellCad (Advanced Logic Technologies, Regange-
s-Attert, Luxembourg) was used to delineate and calculate the depth, strike, and dip of fractures.  
Fracture intensity was calculated by dividing the number of fractures encountered in an interval 
by the total length of the interval.  High and low resistivity units have been defined and 
characterized with respect to each method to define these intervals (tables 3.7, 3.8, 3.9).  The 
intervals were restricted to areas below the water table to avoid resistivity variations related to 
degree of saturation.  Furthermore, no borehole resistivity data are available above the water 
table because the galvanic borehole resistivity tool can only collect meaningful data when 
submerged.  
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Fracture intensity was found to be relatively uniform throughout the borehole, and 
there is no obvious correlation between fracture intensity and resistivity defined by any 
method (tables 3.7, 3.8, 3.9).  The notably low fracture intensity interval corresponding to 
borehole resistivity interval 2 (Table 3.7) is likely an artifact of poor data quality in the 
acoustic televiewer log.  An isolated reduction in signal contrast prevented any fractures 
from being resolved in this interval, although they may exist.  Because fracture intensity 
is similar between the high and low resistivity zones, total water content related to 
secondary porosity introduced by macroscopic fractures is unlikely to be the primary 
source of the resistivity contrast.  Hypothesis 1, as stated, likely fails the test.  However, 
some interesting insight can still be gained from the fracture dataset. 
The orientation of fractures can impart resistivity anisotropy by providing a 
directionally preferred pathway for electrical current (Keller and Frischknect, 1966), 
similar to the way that the orientation of the hydraulic conductivity tensor will affect the 
preferential direction of fluid flow.  As such, it is more thorough to consider resistivity as 
a tensor.  The orientation of the electrical fields used in data collection with respect to the 
resistivity tensor will impact the apparent resistivity values ( aU ) derived from each 
method.  This relationship can be described by the following equation (Habberjam, 
1975), 
  DIO
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 ma                                        (1) 
where mU  is the mean resistivity, I  is the angle between the dominant fracture strike and 
the electric current flow, Į is the fracture dip, and Ȝ is a dimensionless resistivity 
anisotropy coefficient that describes the relation between the resistivity perpendicular 
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( tU ) and parallel ( lU ) to the fracture plane.  The coefficient of anisotropy and mean 
resistivity are defined as 
l
t
U
UO                                                             (2) 
))(( ltm p UU  .                                                   (3) 
These equations show that an electric field oriented parallel to fracture strike (sinI  = 0) 
will measure mU , while a field oriented perpendicular to strike (sinI  = 1) would measure 
the lU .  As lU  is always lower in value than mU  through equation (3), this counter-
intuitive relationship is often referred to as the paradox of anisotropy.  Based on the 
relationship between electric field orientation and fracture orientation, a notable change 
in fracture orientation with depth could influence apparent and inverted resistivity values 
in the field data. 
Fracture orientation data were analyzed to assess the possible impact of resistivity 
anisotropy on the bulk resistivity measured at the Tarryall site.  The fracture strike and 
dip measurements from borehole ElkM3 were analyzed using OSXStereonet v. 1.7 
software (Cardozo and Allmendinger, 2011).  Figure 3.15a shows an equal-area 
projection plot with the pole of each fracture delineated throughout the length of the 
borehole.  Kamb contours of the density distribution of fracture orientations were drawn 
to look for prominent fracture sets that may indicate a preferred orientation.  Fracture 
orientations appear to be highly dispersed throughout the borehole.  One weakly defined 
fracture set was delineated by manually picking the center of the most prominently 
contoured group.  This set strikes west-northwest and steeply dips to the southwest.  The 
remaining fractures have a wide range of orientations and do not justify the delineation of 
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other fracture sets.  The dispersed nature of the fracture orientations do not clearly 
indicate that strong resistivity anisotropy should be expected. 
 Additional trends in fracture orientation with depth were examined by creating 
equal area projections of specific depth intervals.  Using the DC resistivity units to define 
the depth intervals as an example, no distinct changes in fracture orientation with depth 
can be reasonably identified (fig. 3.14b).  In the lower resistivity unit, the set of north-
northwest trending, steeply dipping fractures identified in fig. 3.14a were interpreted, but 
no other distinct sets were identified (fig. 3.14c).  Despite the presence of this set, the 
dispersed fracture orientations are quite similar between both resistivity units, and a 
distinct change in resistivity anisotropy with depth is unlikely.  
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Figure 3.14.  Equal-area projection showing poles to fracture planes (dots) and contours 
of the orientation density for (a) the total depth of the borehole and (b) the upper and (c) 
lower resistivity units defined by the direct-current resistivity results.  Groups of major 
and minor fracture orientation have been drawn (lines).  Kamb contour interval is two 
standard deviations of total fractures for each equal area projection. 
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While the fracture orientations are similarly dispersed with depth, the degree of 
hydraulic interconnectivity between fractures could change throughout the borehole.  
This increased interconnectivity could also impact the bulk resistivity structure by 
facilitating electrolytic current flow.  The borehole flow meter results indicate that the 
high resistivity unit supports the most productive groundwater flow zones (figs. 3.9 and 
table 3.5).   However, one would expect to measure reduced resistivity under 
interconnected fractures if a measurable impact on resistivity existed.  Because the data 
show the most hydraulically productive unit to also be the most resistive, it seems 
unlikely that fracture interconnectivity plays a major role in the resistivity structure of the 
Tarryall site. 
 
3.6.2   Testing hypotheses 2 and 3: rock and fracture lining mineralogy 
Testing the remaining two hypotheses required laboratory analysis of the drill 
core.  Because the borehole and surface resistivity measurements sample the in situ 
resistivity, the secondary effective porosity and nature of macrofractures is inherently 
part of these measurements, although as previously discussed these methods are 
influenced differently by scale.  Laboratory measurements, however, would allow the 
determination of the resistivity of the rocks in the absence of macrofractures.  As such, 
hypotheses 2 and 3 can be evaluated with the same test.  If the rock has similar resistivity 
throughout the length of the borehole, then the macrofractures are likely to be the main 
source of resistivity variability.  Fracture intensity has already been disregarded as a 
variable, but the mineralogical composition of fracture faces could enhance their 
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conductivity.  However, if the resistivity of the rock matrix is highly variable, fractures 
may not play a large role in determining the resistivity structure at the Tarryall site.   
Four representative samples were chosen from the core.  Each sample was 
selected to represent a characteristic resistivity identified in the borehole geophysical logs 
while also being a visually common rock type.  Rocks of notably anomalous color, 
composition, or texture were avoided.  Drill core segments were cut to a relatively 
uniform length of between 5-6 cm.  The volume and surface area of each sample were 
estimated using caliper measurements. The porosity, n, of each sample was estimated by 
a relative mass technique, 
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where Vt is the total sample volume, ȡw is the density of water, and msat and mdry are the
saturated
 
 and dry masses of the sample, respectively.  Each sample was dried in a low 
temperature oven for a period of 48 hours and then fully saturated in a vacuum chamber 
for 13 days. 
Laboratory resistivity measurements were made for each of the four drill core 
samples under atmospheric, fully dried, and fully saturated conditions.  Measurements 
were made using a Hewlett Packard multi-frequency LCR4275 
induction/capacitance/resistance meter over 11 frequencies ranging between 100 Hz and 
100 kHz.  Resistance measurements from the lowest frequency were used as a proxy for 
direct current for comparison to the surface and borehole resistivity results.  Geometric 
factors to calculate resistivity from the resistance measurements were derived for each 
sample using the caliper measurements  
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The laboratory resistivity measurements show substantial variability between 
samples (fig. 3.15).  With the exception of sample ElkM3.1, these measurements 
reasonably recreate the relative resistivity structure identified in the borehole resistivity 
logs.  ElkM3.1 would lie a few meters below the water table when in-situ and may be so 
low in resistivity because, under a vacuum, water content became higher than it would 
have been under natural conditions.  Pore pressure near the water table would be small 
and provide less force to drive water into the rock matrix.  It would not be reasonable to 
extend this interpretation to the entire high-resistivity unit identified in the surface 
resistivity data, as this unit can extend far below the water table.  It is possible that the 
rock encountered at ElkM3.1 is not fully characteristic of the high resistivity unit from 
the surface resistivity data. The remaining drill core samples are from depth intervals 
much farther below the water table and therefore under higher pore pressure, where the 
vacuum saturation may be more representative of natural conditions.   
The laboratory-derived resistivity values are generally more resistive than the 
borehole or surface resistivity measurements (figs. 3.15 and table 3.10).  Although the 
fracture intensity was found to be similar throughout the ElkM3 borehole, the secondary 
porosity introduced by fractures may increase with scale.  A larger sample volume may 
encounter more connected fractures.  This increase in water content could result in a 
reduction in resistivity from the drill core-scale to well-field surface scale. 
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 Figure 3.15.  Graph showing the laboratory resistivity measurements in comparison to 
the long (64N) and short (16N) normal borehole resistivity logs. 
 
 
Sample Rock type 
Porosity 
(%) 
Resistivity 
(Ohm-m) 
ElkM3.1 Granite, coarse-grained, potassium feldspar rich  2.5 779 
ElkM3.2 Gneiss: fine-grained, black 0.5 983 
ElkM3.3 Granite: medium-grained, green-gray 1.7 4110 
ElkM3.4 Granite: medium-grained, pink-gray 1.2 1760 
Table 3.10. Summary of laboratory petrophysics measurements for samples from 
borehole ElkM3. 
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The laboratory resistivity measurements show that there are substantial resistivity 
contrasts between the drill core samples that cannot be attributed to in situ 
macrofracturing, whether appealing to the macrofracture intensity, orientation, or nature 
of the fracture lining.  Furthermore, ElkM3.3 and ElkM3.4 samples have similar porosity, 
yet the resistivity contrast between them is more than 2000 ohm-m.  Their similar 
porosity and water content supports the conclusion that the fracture intensity of 
microscopic fractures is likely to be similar between the two samples.   
The laboratory resistivity measurements help enforce an important conclusion that 
macrofractures, the most hydrologically significant features of crystalline rock, are not 
the only or possibly even dominant source of resistivity variations at play at this site.  
Hypothesis two likely fails the test.  It is therefore likely that changes in the mineralogy 
of the matrix are responsible for differences in resistivity.   
Mineralogy of the core samples was explored through thin section and X-ray 
diffraction (XRD) analysis.  XRD analyses were run the USGS XRD laboratory in 
Boulder, Colorado on the same samples following the laboratory resistivity 
measurements.  These results yield a semi-quantitative model of the mineralogical 
composition of each sample.  ElkM3.2 and ElkM3.4 are much higher in phyllosilicate 
minerals than the other two samples (fig. 3.16).  It was expected that the black gneiss 
would have significantly higher amounts of biotite than the granitic rocks.  However, the 
large difference in mica content between samples ElkM3.3 and ElkM3.4 is somewhat 
surprising, given the visual similarities between the rocks.  Micas and other non-clay 
phyllosilicate minerals may provide a well-aligned, interconnected pore space that 
enhances electrolytic current flow and could be a possible factor in reducing the overall 
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resistivity of the rock (Connell et al., 2000).  The granite sampled in ElkM3.1 shows a 
slightly elevated level of magnetite in comparison to the lower two granitic samples, and 
this magnetite may be a contributing factor to the lower resistivity value measured for 
this sample.  These major mineralogical differences support hypothesis 3: the rock matrix 
has substantial changes in mineralogy that can be correlated to resistivity contrasts. 
 It is worth noting that mica occupies a similar part of the XRD spectrum as clay 
minerals, so it’s difficult to confirm that mineralogical clays like smectites or other clay 
minerals that can form during hydrothermal alteration or weathering aren’t present.  
Furthermore, very small percentages of clay minerals could be electrically significant 
(Keller and Frischknect, 1966).  There’s also the possibility that the microfractures still 
contain small but important percentages of minerals that change the resistivity of the 
rock.  XRD modeling will only show minerals that are added to the forward model and is 
subject to a detection limit.   
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 Figure 3.17.  Complete mineralogy from X-ray diffraction analysis of core samples from 
borehole ElkM3.  Phyllosilicate minerals are highlighted for their potential geoelectrical 
impacts. 
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To see if the samples had notably different degrees of hydrothermal alteration or 
other indications of the presence of clay minerals, thin sections of each of the four core 
samples were made by Wagner Petrographic laboratories in Lindon, Utah.  Figure 3.17 
shows several examples of the types of features encountered in each sample.  Samples 
ElkM3.1, 3.3, and 3.4 are generally quite similar.  The development of sericite is 
prevalent in these granitic sections, particularly within plagioclase grains, and may be an 
indication that these rocks have undergone low-grade hydrothermal alteration.  The 
majority of mica grains remain mostly intact, although some alteration around the edges 
can be identified in some locations, further supporting low-grade hydrothermal alteration 
(fig. 3.17c).  Some likely iron hydroxide based stain and carbonate can be seen in 
microfractures (fig. 3.17a) and were also noted in macrofractures during drill core 
recovery (fig. 3.10).  Intragranular cracks are common in the quartz and feldspar grains, 
and some of these cracks show small displacements, indicating that the rocks have 
undergone some deformation.  The thin section from ElkM3.2 showed the most 
mineralogical variation, as would be expected when comparing metasedimentary and 
igneous rocks.  There is a notable alignment of mica defining the fabric of the gneiss, and 
this alignment may provide an enhanced interconnectivity of the pore space that may 
contribute to its reduced resistivity in comparison the granitic rocks and lead to resistivity 
anisotropy.    
Thin section analysis results were somewhat inconclusive.  Although the samples 
show some evidence of alteration, notable clay mineral development was not seen.  
While some microfractures were found to have mineral linings, many appeared to be 
relatively clean.  No additional minerals were identified to be added to the XRD forward 
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models.  The relative abundance of phyllosilicate minerals in the low resistivity units 
indicates that the mineralogy of the rock matrix likely plays a strong role in the overall 
resistivity structure at the Tarryall site. 
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 Figure 3.17. Thin section photographs from core samples (a) ElkM3.1, (b) ElkM3.2, (c) 
ElkM3.3, and ElkM3.4.  C, carbonate; Fe, iron hydroxide/oxide; K, potassium feldspar; 
M, mica; S, sericite; Q, quartz. 
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3.7   Summary and conclusions 
To select an appropriate drill site for sampling the Elkhorn fault, DC resistivity 
and TEM surface geophysical data were collected at three study areas to identify the 
electrical contrasts interpreted to represent the contact between the granite and 
sedimentary rocks that comprise the hanging wall and footwall, respectively. Results 
from the geophysical survey, particularly the DC resistivity results, were used in 
combination with logistical and financial constraints to select an appropriate drill site 
from the three study areas.   
The central Tarryall site was chosen for drilling because the angle of the electrical 
contrast interpreted as the fault was at a much shallower angle than at southern SPCUP 
site while still being of the correct geometry to be indicative of the Elkhorn fault, in 
contrast to the northern Lost Park site.  This shallower angle would facilitate less total 
drilling with a vertical hole. This site was considered the most likely to provide a 
competent hole that would allow full characterization of the potential fault zone and also 
was more financially realistic than a deeper, angled hole that SPCUP would require.  
Although no direct confirmation of the presence of the sedimentary footwall was 
available at this site, the electrical structure was nearly identical to that seen at the other 
two sites where confirmation of sedimentary units juxtaposed against crystalline rocks 
did exist.  Furthermore, the electrical signature at this site was consistent with that of the 
only existing borehole to ever penetrate the Elkhorn fault, the oil exploration well 
Tarryall-Federal 1-17. 
The main borehole, ElkM3, remained in crystalline rock to its full depth of 69 m, 
despite passing directly through the major resistivity contrast that had been interpreted as 
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the juxtaposition of crystalline and sedimentary rocks.  The results of ElkM3 indicate that 
the electrical signature of the Elkhorn fault identified in the Tarryall-Federal 1-17 and the 
SPCUP site interpretations is not unique from the signature of the crystalline body itself.  
Further interpretation of the electrical structures of the South Park basin, as well as in 
other mountainous terrain with complex geologic histories, should be carried out with 
caution.       
Borehole flow meter data show that, although fracture density is similar 
throughout the borehole, hydraulically conductive fractures are more common in the 
near-surface, higher resistivity unit.  This is counter to the general assumption that more 
electrically conductive crystalline rocks result from higher water content, and therefore 
have more fractures and likely would result in more productive aquifers.  
One scientific question that arises from these results is why these packages of 
crystalline rocks present resistivity contrasts similar to those seen between crystalline and 
sedimentary rocks in the area.  The abundance of phyllosilicate minerals in the rock 
matrix was most strongly correlated to the variability in resistivity with depth at the site, 
and may have played a major role in defining the structure initially interpreted as the 
Elkhorn fault. Fracture intensity was found to be relatively uniform throughout the depth 
of investigation and does not appear to be correlated to the major changes in resistivity as 
one might expect. In conclusion, the resistivity structure is likely to be measurably 
impacted by the mineralogy of the rock matrix and hydrologically insignificant 
microfractures.  Resistivity at this site does not show convincing correlation to water-
bearing parts of the formation. 
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3.7.1  Recommendations for future work 
Future work could be carried out to explore the remaining unknowns of the source 
of resistivity contrasts.  To evaluate the importance of fracture orientation and rock fabric 
to resistivity, azimuthal resistivity surveys could be used to measure the coefficient of 
anisotropy and to establish the orientation of the resistivity tensor.  Arrays of greater 
length could be used to monitor the orientation of resistivity anisotropy with depth.  The 
coefficient of anisotropy related to the fabric of the gneiss unit could be further explored 
through directional laboratory resistivity measurements on the drill core.  To better 
understand why phyllosilicate abundance impacts the resistivity structure in these rocks, 
additional laboratory resistivity measurements could be made under changing fluid 
conductivity, as shown in the work of (Revil et al., 1998).  However, given the limited 
porosity of the samples in the absence of macrofractures, it seems unlikely that these 
features make substantial hydrologic contributions.   
Additional drilling would be required to further pursue the original objective of 
establishing in situ fault zone hydrogeology.  The location of the Elkhorn fault remains 
too unclear at the Tarryall site to recommend reentering the ElkM3 borehole.  Given the 
likely depositional contact between the granite and sedimentary rocks the northern Lost 
Park site, it is possible that the Elkhorn fault does not create a juxtaposition between 
crystalline and sedimentary rocks this far north, but cuts through the sedimentary units 
farther west in the South Park basin and is buried by Quaternary glacial and alluvial 
deposits.  The SPCUP site remains a non-ideal drill site for acquiring in situ data for all 
the logistical difficulties associated with the subvertical fault geometry described in the 
main text.  Drilling a new borehole near the Tarryall-Federal 1-17 well would be the most 
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ideal solution given the findings of this study.  This site provides a relatively robust 
estimate of the depth of the fault, and planning a pair of wells screened above and below 
this targeted depth would be relatively straightforward.  These wells would need to be 
quite deep (greater than 500 m) and would require larger financial resources than 
available during this study.  However, the relatively robust target depth of the fault would 
be useful in limiting the amount of core drilling, and more economical drilling methods 
could be used to expedite drilling through the majority of the hanging wall. 
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CHAPTER 4 
 
REGIONAL GROUNDWATER FLOW IN THE SOUTH PARK BASIN 
 
Abstract
A steady-state, three-dimensional groundwater flow model of a large 
intermountain basin, the South Park basin in central Colorado, was developed to explore 
the influence of complex topography and permeability structure on the patterns and 
processes of basin-wide groundwater flow and to evaluate the sensitivity of the 
groundwater flow system to increased variability in recharge distribution and the 
introduction of hydrogeologically distinct fault zones.  Supporting geologic and 
permeability models capturing the major hydrostratigraphic and structural features of the 
basin were developed in addition to five basin-wide cross sections.  Five major aquifers 
and two extensive aquitards were identified within a fold and thrust belt.   
Groundwater flow model results suggest that, while the majority of water entering 
the basin is lost through seepage faces or routed to the South Platte River and Tarryall 
Creek, internal exchanges of groundwater and stream flow between the mountain and 
valley landscapes are an important part of the dynamics of groundwater flow in the basin.  
The majority of groundwater flow is focused in the upper 300 m and would be considered 
local to intermediate in scale.  Less than 1% of the total mass flux passes below 1 km in 
depth, and large-scale regional circulation is a limited component of the groundwater 
flow system. 
Increasingly heterogeneous recharge distributions most heavily impacted the 
groundwater flow system at the local scale, while basin-wide regional flow remained 
relatively insensitive to the increasing variability in recharge distribution.  Groundwater 
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contributions to streams some sensitivity to alterations in recharge distribution.  
However, in the basin-wide context of groundwater flow in the South Park basin, the 
overall dynamic of the groundwater flow system was relatively unaffected by increasing 
heterogeneity in recharge distribution. The introduction of conduit and barrier types of 
fault zones influenced hydraulic heads and gradients in the immediate vicinity of the 
fault, particularly where groundwater flow directions are perpendicular to the orientation 
of the fault.  Where groundwater flow directions are oblique or subparallel to the fault, 
the fault zone’s hydrogeologic behavior becomes less influential to groundwater flow.  
Where surface water bodies are in close proximity to the fault zone, the degree of 
groundwater and surface water interaction could be strongly influenced by the 
hydrogeologic behavior of the fault zone. 
   
4.1   Introduction 
The groundwater flow systems of intermountain basins are defined by their 
heterogeneity through large and variable topographic relief, substantial climatic 
differences over small distances, and variable permeability structure due to lithological 
differences made complex through the deformation and orogenic history of these regions.  
An intermountain basin contains a variety of distinct hydrologic landscapes comprised of 
mountain and valley dominated regions, each of which is likely to have distinct 
groundwater flow dynamics that differ from that of its neighbors (Winter, 2001).  The 
high topography of mountains can cause steep hydraulic gradients and thus potentially 
deep groundwater circulation (Toth, 1963).  Aquifers and aquitards can be fractured and 
deformed, resulting in variable geometry and hydraulic properties.  Geologic structures, 
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such as major faults, can be common and may impart significant hydrogeologic influence 
(Forster and Smith, 1988b; Lopez and Smith, 1995, 1996; Rawling et al., 2001). Changes 
in climatic variables that come with variations in elevation, aspect, and orographically 
impacted weather patterns can result in highly variable recharge patterns.  To understand 
and monitor intermountain basins, particularly with respect to stresses presented by water 
resource development or changing recharge patterns associated with climate change, one 
must understand the factors that control basin-wide groundwater flow.  However, the 
study of mountainous terrain is often hindered by a sparse distribution of data.  
Groundwater sampling locations are generally restricted to the valleys where roads and 
residential development facilitate well installation.  The lack of wells in higher elevation 
areas limit hydrologic observations to springs and streams, and fundamental parameters 
such as water table elevations and hydraulic gradients cannot be determined for large 
areas.  
The study of groundwater dynamics in mountainous terrain has largely been 
based on theoretical models that make simplifying assumptions.  These include linear 
stream networks, smooth topographic forms, homogeneous hydraulic properties of 
aquifers or simple horizontally layered systems, and uniformly distributed recharge 
(Tóth, 1963; Forster and Smith, 1988b, a; Haitjema and Mitchell-Bruker, 2005; Gleeson 
and Manning, 2008; Jiang et al., 2009).  These simplifications minimize the 
heterogeneities that make intermountain basins distinct from other types of flow systems.  
More realistic, albeit complex models of intermountain basins would allow the 
hydrogeology community to better understand the extent to which heterogeneities impact 
groundwater flow system dynamics. 
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The objectives of this study are (1) to explore the influence of complex 
topography and permeability structure on the patterns and processes of basin-wide 
groundwater flow and (2) to evaluate the sensitivity of the groundwater flow system to 
specific types of heterogeneity: recharge distribution and permeability structure around 
faults.  A three-dimensional (3-D) groundwater flow model was constructed for the South 
Park basin, a large intermountain basin in central Colorado (fig. 4.1).  Realistic 
topography and permeability distributions were used to represent the basin-specific 
heterogeneity.  Additional complexities in the recharge distribution and fault zone 
permeability were systematically introduced to the model.  This is a “top-down” 
approach, where the major basin behavior is sought with minimal complexity, as opposed 
to a “bottom up” approach that attempts to represent the detailed processes at the 
beginning of model development.   
South Park forms the headwaters of the South Platte River watershed, a societally 
and ecologically significant river.   Despite its inclusion in the South Platte watershed, the 
groundwater flow system of South Park remains unstudied at a basin-wide scale.  
Localized studies have included the seasonality of groundwater levels and fluctuations in 
water quality in a portion of a tributary to the South Platte River (Bruce and Kimbrough, 
1999), estimates of potential evapotranspiration at a few individual locations (Spahr, 
1981), and the study of permeability structure of a single location on a fault (Marler and 
Ge, 2003; Ball et al., 2010).  Groundwater contributions and water quality in ecologically 
sensitive fens in South Park are perhaps the most studied aspect of the hydrogeology 
(Cooper, 1996; Chapman et al., 2003; Johnson and Stiengraeber, 2003; Legg, 2011).  
These studies do not address the South Park basin in its full regional context, nor do they 
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directly address the groundwater flow system or the hydrogeologic role of the complex 
geologic structure or climatic variability.  The work presented in this chapter fills in a 
large gap in the study of this extensive and hydrologically significant basin.   
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 Figure 4.1.  Map of the South Park basin showing the geographic extent of the 
groundwater flow model domain and hydrologic landscape unit (HLU) divisions between 
the western mountain landscape (WML), northern valley landscape (NVL), southern 
volcanic landscape (SVL), and the eastern mountain landscape (EML). 
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4.1.1   Groundwater flow in intermountain basins 
This model is an opportunity to study the interaction between mountain and valley 
landscapes, the development of Tóthian nested flow systems, and the role of 
heterogeneity in these processes under reasonable field conditions.  Tóth (1963) 
differentiated local, intermediate, and regional groundwater flow systems on the basis of 
the groundwater travel distance between recharge and discharge locations.  Figure 4.2 
illustrates the boundaries between these flow systems in a two-dimensional (2-D) cross-
valley section; a significant flow component is implied in the down-valley third 
dimension not shown in the figure.  In local flow systems, groundwater flow is recharged 
and discharged in immediately adjacent areas, resulting in relatively shallow groundwater 
circulation that centers around the watersheds of first and second order streams. 
Groundwater recharged in intermediate flow systems passes below one or more local 
flow systems and discharges to higher order streams.  Regional flow systems have 
recharge zones near the groundwater divide of the basin and are discharged to the 
highest-order stream in the basin.   Tóth (1963) demonstrated with theoretical 2-D flow 
models that these nested systems develop under very low topographic variations (land 
surface gradients of a low as 0.04 caused local flow systems) and that the magnitude of 
groundwater recharge reaching the intermediate and regional systems was sensitive to 
changing surface topography.  As the land surface roughness becomes more extreme, 
such as in mountainous terrain, nested flow systems are likely to become more 
pronounced.  Tóth’s modeling showed that only a small part of the total recharge 
participates in the larger regional flow system, and that about 90% of the total recharge 
never penetrates below 100 m in a homogeneous and isotropic aquifer under smooth 
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topographic forms.  Gleeson and Manning (2008) showed through numerical, 3-D 
groundwater flow modeling that as much as 15% of total recharge can reach regional 
groundwater flow under high-elevation mountain blocks, even in low permeability 
terrain.   
 
Figure 4.2.  Conceptual cross section showing local, intermediate, and regional scale 
flow systems (dashed gray lines) in a mountain landscape.  The water table (dashed black 
line denoted with triangle) is shown as a subdued replica of the land surface topography 
(solid gray line), and groundwater flow lines (black lines) are shown to travel between 
recharge and discharge areas. Substantial flow is also implied in the down-valley, out-of-
page direction.  Modified from Tóth (1963). 
 
Local flow systems are likely to be strongly linked to changes in recharge 
distribution and timing because of short travel distances and young groundwater ages.  
Local flow systems are therefore more likely to be sensitive to changes in water resource 
development and shifts in snowmelt timing and precipitation form (i.e., snow vs. rain).  
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Regional flow systems, conversely, may be insulated from near-surface variability 
through their limited recharge area and long travel distances.   
Groundwater utilization in intermountain basins is generally focused in valley 
terrains, particularly in the broad valley floor of the South Park basin.  The susceptibility 
of valley aquifers to external pressures, such as altered recharge patterns as a result of 
climate change, will depend on the relative contribution of different recharge sources.  
Groundwater can enter valley aquifers through areal recharge from infiltrated 
precipitation, focused recharge from streams, and subsurface flow from an adjacent 
mountain block, a process typically referred to as mountain block recharge (Wilson and 
Guan, 2004).  Streams carry runoff from snowmelt and rain from mountain landscapes to 
adjacent valleys.  Streams can also redistribute groundwater from local flow systems 
discharged in mountain terrains through stream baseflow.  Intermediate and regional flow 
systems may also contribute groundwater to valley aquifers directly through mountain 
block recharge.  If groundwater recharge in valley aquifers is dominated by local 
precipitation and focused stream-based recharge, changing snowmelt dynamics could 
strongly impact groundwater resources and stream interactions.  However, if a substantial 
percentage of flow is derived through mountain block recharge, then the groundwater 
resources of the valley may be somewhat insulated from changing seasonality and 
recharge dynamics (Manning, 2011). 
 
4.1.2   Recharge distribution in intermountain basins 
Much recent effort has been made in developing high spatial-resolution 
groundwater recharge estimates using surface and coupled surface-subsurface flow 
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models.  Several modeling codes have been developed to address the interactions 
between shallow groundwater, surface water, and vadose zone processes (Abbott et al., 
1986; Schroeder et al., 1994; Maxwell and Miller, 2005; Kollet and Maxwell, 2006; 
Markstrom et al., 2008).  Through models like these, the variability in vegetative cover, 
precipitation patterns, ground slope, and aspect have been shown to cause different 
recharge and evapotranspiration rates in mountainous landscapes (Smerdon et al., 2010).  
Changes in temperature and precipitation associated with climate change may alter the 
distribution and timing of groundwater recharge and evapotranspiration (Eckhardt and 
Ulbrich, 2003).  Mountain watersheds may be particularly sensitive to climate change 
because recharge rates and timing are dominated by snowfall, melting, and associated 
hydrological processes.  While modeling efforts have focused on characterizing the 
spatial and temporal distribution of recharge, surprisingly little focus has been placed on 
evaluating the importance of complex recharge distributions on groundwater flow.  Some 
coupled models fully integrate the groundwater flow system (as opposed to using the 
groundwater system as a boundary condition).  These models tend to focus on shallow, 
local flow systems in small watersheds containing 1st and 2nd order streams and do not 
attempt to address larger-scale flow processes (Allen et al., 2004; Goderniaux et al., 
2009; Smerdon et al., 2009).  No studies exist that evaluate the sensitivity of a basin-wide 
groundwater flow system to increasingly complex recharge patterns such as those 
generated by surface process models.  This gap in the literature makes it difficult to 
evaluate the scale-appropriateness of complex coupled flow models and also limits 
understanding of the potential impacts of climate change on long-term baseflow 
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contributions to major watersheds, regional groundwater supply, and to the dynamics 
between local, intermediate, and regional flow systems.  
Several studies have established that the ratio of recharge to permeability controls 
hydraulic gradients and the elevation of the water table below mountainous terrain 
(Forster and Smith, 1988b; Haitjema and Mitchell-Bruker, 2005; Gleeson and Manning, 
2008).  However, the natural variability of permeability variation being several orders of 
magnitude, geologic control on the groundwater flow system may be paramount over 
recharge distribution and its impact on larger scale flow patterns.  The sensitivity of these 
primary variables are a focus of the modeling effort presented below. 
 
4.1.3   Faults and groundwater flow 
While several studies have modeled the hydrogeologic impact of faults in 
theoretical (Forster and Smith, 1988a; Haneberg, 1995; Lopez and Smith, 1995, 1996) 
and basin-specific models (Bredehoeft et al., 1992; Marler and Ge, 2003; Bense and 
Person, 2006; Mayer et al., 2007), these studies have not explored the importance of a 
fault’s orientation to the regional groundwater flow system or the heterogeneity 
introduced by a hydrogeologically significant fault zone.  The Elkhorn fault, a range-
bounding reverse fault separating the eastern and central parts of the model, was 
systematically represented with simple juxtaposition of geologic units and with three 
distinct fault zones of differing hydrogeologic behavior: a low-permeability barrier, high 
permeability conduit, and an anisotropic conduit-barrier system.  This approach provides 
additional insight into the representation of faults in regional-scale groundwater models 
and their influence on basin-wide hydrogeology. 
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Groundwater flow near faults is influenced not only by the juxtaposition of 
different rock types with potentially contrasting permeability, but also by the 
permeability structure and spatial distribution of distinct fault-zone components.  Brittle 
fault zones are typically represented by two major architectural components within the 
undeformed protolith:  the fault core and the damage zone.  The majority of displacement 
is accommodated by the fault core and may have a reduced permeability in comparison to 
the protolith as a result of clay-rich gouge development, grain-size reduction via 
cataclasis, and fluid-rock interactions that can lead to cementation and mineralization 
(Forster and Evans, 1991; Caine et al., 1996; Evans et al., 1997).  The damage zone 
(Chester and Logan, 1986) surrounds the fault core and comprises a network of fractures, 
small faults, veins, and folds.  These fractures and small faults can lead to an enhanced 
permeability in comparison to the protolith and fault core (Lockner et al., 2000; Bense et 
al., 2003).   In addition, the alignment and smearing of grains and the preferential 
direction of fractures, small faults, and mineralized veins may create permeability 
anisotropy in both of these fault-zone components (Caine and Forster, 1999; Bense and 
Person, 2006).    Variability in the size and permeability structure of the fault zone results 
in the bulk hydrogeologic behavior of a fault as a barrier, a conduit, or a combined 
conduit-barrier to ground-water flow (Caine et al., 1996; Bense and Person, 2006).   
4.2   Description of study area 
South Park is a 3,360 km2, high-elevation intermountain basin between the Front 
and Mosquito Ranges that forms the upper drainage basin of the South Platte River (fig. 
4.1).  Elevations range from about 2,600 m (8,530 ft) at the mouth of Elevenmile Canyon 
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Reservoir to more than 4,300 m (14,100 ft) at the summits of Mt. Lincoln, Bross, and 
Democrat at the crest of the Mosquito Range (fig. 4.1).  The boundaries of the South Park 
basin are delineated by topographic drainage divides.  The northwestern drainage divide 
of the basin is coincident with the Continental Divide.  The western drainage divide is the 
crest of the Mosquito Range and separates the South Platte and Arkansas River basins.  
The eastern drainage divide marks the western edge of the Front Range and is locally 
defined by the Tarryall and Kenosha Mountains and the Puma Hills.  The southern divide 
has the lowest elevation and is located at the topographic rise towards Thirtynine Mile 
Mountain and the surrounding high country. 
 
4.2.1  Hydrogeologic landscapes of the South Park basin 
Winter (2001) emphasized the utility of conceptualizing the hydrogeology of a 
region by considering distinct landscapes.  The South Park basin can be divided into four 
major hydrogeologic landscapes:  the Western Mountain Landscape (WML), the 
Northern Valley Landscape (NVL), the Southern Volcanic Landscape (SVL), and the 
Eastern Mountain Landscape (EML) (fig. 4.1).  Each of these landscapes likely has 
distinct groundwater flow patterns, and it is conceptually useful to consider their unique 
characteristics to better understand the hydrogeologic interactions between landscapes 
and the regional flow system. 
The WML extends from the crest of the Mosquito Range to the major slope break 
with the relatively flat NVL and is characterized by steep slopes and deeply incised 
drainages (fig. 4.1).  Precipitation typically ranges from less than 20 to 120 mm/month, 
the majority of which falls as snow during the winter and spring months (fig. 4.3a).  
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Mean temperatures typically range between -10 and 14 ºC for winter and summer 
months, respectively (SNOTEL Hoosier Pass site data, fig. 4.3b).  Stream gradients are 
typically steep, and available stream hydrographs indicate that streams are likely to be 
perennial, with low flows occurring between January and March and peak flows in June 
during snowmelt.  The geology of the WML consists of Paleozoic and Mesozoic 
carbonate and clastic sedimentary rocks up to 3.5 km thick overlying Proterozoic 
crystalline basement rocks.   Tertiary igneous intrusions can be found throughout the 
WML.  These intrusions range in size from small sills and dikes to large batholiths, the 
most notable of which is the Boreas stock—a rhyolitic intrusion that comprises Boreas 
Mountain.  Land cover includes bare rock and soil, grasses, shrubs, and forest common to 
alpine and subalpine regions. 
The NVL is a topographically flat area in comparison to the surrounding 
mountainous terrain (fig. 4.1).  The geology of this landscape is dominated by folded and 
faulted Paleozoic, Mesozoic, and Cenozoic sedimentary rocks with multiple layers of 
volcanic extrusives.  The total thickness of the sedimentary sequence likely exceeds 5 km 
in parts of the NVL. The more erosionally resistant formations form several ridges that 
interrupt this otherwise low-relief landscape. The most distinctive of these ridges are Red 
Hill and Reinecker Ridge (fig. 4.1).  Meteorological observations are limited for the 
NVL, but the available record suggests that the valley receives less than half the 
precipitation of the WML (table 4.1, fig. 4.4).  The seasonality of this precipitation is also 
shifted from the WML, and the majority of precipitation falls in summer rain (fig. 4.3a).  
Snow that falls in the northern valley tends to drift, as South Park is famous for its high 
winds, and infiltration is likely to be spatially variable as a result.  Mean temperatures 
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generally range between -8 and 17ºC for the winter and summer months, respectively 
(SNOTEL Como4SE site data, fig 4.3b).  This valley contains two major surface 
watersheds that form the upper reaches of the South Platte River (fig. 4.1).  The southern 
watershed belongs to the Middle and South Forks of the South Platte River.  The northern 
watershed belongs to Tarryall Creek, whose confluence with the South Platte River lies 
about 18 km east of South Park’s eastern divide.  A subtle topographic rise separates 
Tarryall Creek and the South Platte River within the NVL.  Both are perennial streams 
that generally drain to the southeast in the study area.  The vegetation of the NVL is 
dominated by short grass prairie, although small conifer trees and aspen forest do occur 
along ridges and are strongly anti-correlated with south-facing slopes, suggesting that soil 
moisture is a limiting factor to plant growth.  Several alkaline fens (groundwater-
dominated wetlands) exist in the NVL and provide habitat for a unique consortium of rare 
plants and insects (Chapman et al., 2003). 
The SVL is similar in climate to the NVL, but the underlying geology is distinctly 
different.  This part of South Park is strongly influenced by Tertiary volcanic rocks and 
comprises the northern portion of the Thirtynine Mile Volcanic Field (TMVF).  
Tuffaceous lake sediments of the late Tertiary Antero formation and the volcanic deposits 
related to the Thirtynine Mile andesite blanket the majority of this region.  These 
formations lead to surface topography that is generally more rolling than that of the NVL, 
and the valley gradually rises in elevation towards the southern basin drainage divide (fig. 
4.1).  The geology of the SVL is poorly exposed with the exception of some outcrops of 
Proterozoic plutonic granites.  The extent and thickness of sedimentary formations is 
likely much more limited in this part of the South Park basin, and crystalline rocks are 
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likely to directly underlie the TMVF in much of the SVL.  The geology of this region is 
described in detail in appendix 4A. 
The EML has lower topographic relief than the WML, but is generally higher in 
elevation than the SVL or NVL.  The boundary between the valley landscapes and the 
EML is the western edge of Proterozoic crystalline outcrop believed to make up the 
hanging wall of the Elkhorn fault, a Laramide-aged reverse fault that likely accounts for 
several kilometers of displacement and creates a juxtaposition of crystalline rocks on 
sedimentary strata in much of the central part of the basin (Bryant et al., 1981b; Sterne, 
2006; Ruleman et al., 2011).  This crystalline/sedimentary contact extends to the north 
beyond the likely trace of the Elkhorn fault, where sedimentary rocks are likely to have 
been deposited on the crystalline rocks.  Streams are typically of moderate gradient and a 
stream gage data indicate perennial conditions.  The area is generally characterized by 
low-density evergreen forest, although the southern extent of the EML is covered in short 
grass prairie. 
 
Figure 4.3 (next page).  Graphs showing monthly climatic and hydrologic data for 
several sites in the South Park basin.  Most data are shown for water year (WY) 2002-
2003 (solid lines); data from additional sites that don’t contain records for this period are 
also shown (dashed lines).  (a) Total monthly precipitation and (b) mean monthly 
temperature (line) and mean minimum/maximum temperature range (bars) are shown for 
the Hoosier Pass and Como 4SE SNOTEL/COOP climate stations.  (c) Mean monthly 
stream discharges are shown for four USGS stream gages: Tarryall Creek at upper 
station, Mosquito Creek near Alma, Tarryall Creek below Rock Creek (WY 1996-1997), 
and Middle Fork of the South Platte River (WY 1978-1979).  (d) Mean monthly 
hydraulic head is shown for TCF-1, while available single monthly measurements are 
shown for SP-5 (WY 1999-2000). 
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Figure 4.4.  Graphs showing the relation between station elevation and annual mean 
temperature and precipitation.  Means were taken for the period between 1999 and 2008.  
The index map shows the location of each station in the South Park basin 
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4.3   Water balance 
On the basis of mass balance, the inflows and outflows of the groundwater flow 
system are summarized below: 
 
R + SWgain = D + ET + SWloss  
(1) 
where R = areal recharge to the water table through infiltration 
 SWgain = focused recharge to groundwater from surface water bodies 
 D = discharge from the basin as groundwater, or underflow 
 ET = evapotranspiration from the water table 
 SWloss = groundwater discharge to streams  
 
A more inclusive water balance of the full hydrologic system would include terms that 
describe total precipitation, total stream discharge, and near-surface exchanges between 
soil water/infiltration, snow accumulation/sublimation, and evaporative losses from 
surface water bodies.  The water balance discussed here used to represent basin-wide 
groundwater system, and processes outside of the saturated flow regime are not 
discussed.  While there is the possibility for some regional underflow across the 
continental and Mosquito Range divides, these flows are likely to be small (Gleeson and 
Manning, 2008), and are assumed to be negligible. 
 
4.3.1   Groundwater recharge 
Areal groundwater recharge is defined as the fluid flux reaching the water table 
through infiltration of precipitation and(or) snowmelt.  Precipitation comes to South Park 
in the form of snow and rain.  The climate of South Park varies between the mountain 
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and valley landscapes.  The following description is based on records from 6 SNOTEL 
and COOP climate stations for the period between 1999 and 2008.  Stations within the 
WML include Hoosier Pass, Buckskin Joe, Michigan Creek, and Rough and Tumble 
(table 4.1, fig. 4.4).  Stations within the NVL include Fairplay at S. Park Rd. and Como 
4SE (record limited to 1999-2003).  No climate records exist for the EML or the SVL.  
Under the modified Koppen-Geiger climate classification system (Peel et al., 2007), 
which relies on mean annual temperature and precipitation as well the timing of 
precipitation, the WML is best described as a cold climate with cold, dry summers.  
Moving east into the NVL, the climate transitions into a semi-arid (or steppe), cold 
climate.  Convective storms are common throughout the basin in the warmer months, and 
the spatial and temporal distribution of precipitation over the basin can be inconsistent. 
This leads to difficulties in determining the spatial and temporal distribution of areal 
recharge in the basin.   
There is a strong linear correlation between mean annual temperature, 
precipitation, and elevation (fig. 4.4, table 4.1) for the majority of the stations, although 
two stations deviate from the trend.  The mean annual temperature of the Buckskin Joe 
station is higher than the elevation trend would predict.  This site is the only climate 
station with a southern aspect, resulting in higher maximum daily temperatures in 
comparison to the other sites.  As these higher maximum temperatures are likely to 
impact snowmelt rates, soil moisture content, and overall sustained snowpack 
thicknesses, aspect may be an important factor controlling run-off-to-infiltration ratios 
and local groundwater recharge.  The Michigan Creek station also shows a departure 
from the elevation trend with respect to precipitation.  This station is nestled below both 
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the Continental and Mosquito divides and may be influenced by orographic effects in 
precipitation not seen at the other stations.  This station may receive additional snow and 
rain as northeast-moving weather systems stall on the high topography of the Continental 
Divide.   Although these deviations emphasize the potential variability in hydrologically 
important climate factors, the overall relation between elevation and climatic variables 
support higher precipitation and lower temperatures at higher elevations.  Elevation-
dependent precipitation and temperature relations are assumed to be relevant to the SVL 
and EML where direct climate observations don’t exist.   
While areal recharge estimates in South Park have not been made, studies from 
other watersheds provide some guidance for quantifying areal recharge as a function of 
precipitation.  The most pertinent study is that of Huntley (1979), who used water 
budgets, hydrochemical analysis of groundwater and surface water, and 2-D groundwater 
flow modeling to study recharge processes in the San Luis Valley of southern Colorado, a 
prominent playa basin about 60 km south of South Park (fig. 4.1).  Areal recharge was 
estimated to be a minimum of 14 and 38% of precipitation for the Sangre de Cristo and 
San Juan Ranges, respectively.  The Sangre de Cristo Range is similar to that of the 
Mosquito Range in both annual precipitation and geology: fracture-dominated crystalline 
and Paleozoic sedimentary rocks with more recent volcanic intrusions.  Thus, Huntley’s 
work in the Sangre de Cristo Range is considered to be more pertinent to the South Park 
basin than his estimates from the San Juan Range, which is higher in annual precipitation 
and estimated permeability than the South Park basin.  The Turkey Creek watershed is 
another example of a nearby study, located about 40 km northeast of South Park in the 
South Platte watershed (Bossong et al., 2003).  The authors used a combination of 
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hydrological, meteorological, and geological data to construct a distributed rainfall-runoff 
model of a relatively small area (120 km2).  Mean recharge (defined as infiltration in the 
model) was estimated to be about 18% of precipitation through fractured crystalline rock.  
In addition to these local estimates, recharge-to-precipitation estimates were taken from 
the published literature of other semi-arid and mountainous basins.  A summary of the 
most pertinent studies is given in table 4.2.  These estimates were used as a guideline to 
establish recharge-to-precipitation ratios for the groundwater flow model of the South 
Park basin. 
 
4.3.2   Groundwater and surface water interaction 
 Streams act as both focused sources (losing streams) and sinks (gaining streams) 
of groundwater within the South Park basin.  Available stream gage time-series data 
indicate that second-order and higher streams are generally perennial (USGS NWIS data, 
accessed 2009 at http://waterdata.usgs.gov/nwis).  The stream gages at Fourmile Creek 
near Fairplay and Mosquito Creek near Alma (fig. 4.3c), the highest elevation gages in 
the basin with year-round observations typically contain measureable stream discharge 
through winter.  This stream discharge is assumed to be the groundwater baseflow 
contribution to the stream. Temperatures are typically below freezing during these 
months (fig. 4.3b), and precipitation is assumed to arrive as snow with negligible runoff 
until melt conditions begin in the spring.  
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Stream discharge and groundwater level (hydraulic head) time-series data were 
compared to evaluate the degree of surface water and groundwater interaction.  While the 
majority of hydraulic head measurements for the South Park basin consist of a single 
measurement, monthly records are available for the period between 1998 and 2001 for 41 
wells (Bruce and Kimbrough, 1999).  Daily pressure transducer records were collected 
for 8 additional wells in the NVL portion of the Tarryall Creek watershed, and records 
are available from 1999 to present.  Examination of these time-series data show that 
seasonal variations in hydraulic head are generally less than 2 m, although in some cases 
seasonal differences reach nearly 4 m (fig. 4.3d).  Changes in hydraulic head are closely 
tied to changes in stream discharge and indicate that groundwater and surface water are in 
close communication.  Hydraulic head and stream discharge typically peak together in 
June when snowmelt is expected to be most active, while discharge lows are generally in 
the late winter to early spring prior to snowmelt.   
 
4.3.3   Evapotranspiration 
Evapotranspiration (ET) in a high-altitude semi-arid basin like South Park is 
expected to be high, with peak potential ET occurring in the warm summer months.  
Spahr (1981) estimated summer potential ET at three sites (Jefferson, Fairplay, and 
Antero Reservoir) using the Penman equation (Penman, 1948) and meteorological data 
(wind, solar radiation, relative humidity, and air temperature) collected during the 1977 
to 1979 growing seasons (May through Sept).  All three sites were estimated to have 
similar potential ET rates: 4.0 mm/day (1480 mm/yr) at Jefferson and 4.3 mm/day (1580 
mm/yr) at Fairplay and Antero Reservoir (fig. 4.1).  Pan evaporation estimates made 
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during the 1967 to 1970 growing seasons ranged between 4.6 mm/day (1668 mm/yr)  and 
6.1 mm/day (2227 mm/yr) (Kruse and Haise, 1974; Ficke et al., 1977).    
While these potential ET estimates exceed precipitation rates (table 4.1), actual 
ET from the groundwater flow system is anticipated to be much lower.  The potential ET 
rates discussed in the paragraph above are relative to the land surface with infinitely 
available water.  Actual ET from groundwater declines exponentially with depth to the 
saturated zone.  As the water table becomes deeper, evaporation stops and fewer plant 
roots are able to access and transpire groundwater. Huntley (1979) and Emery et al. 
(1971) estimated actual ET in the San Luis basin to be about 900 mm/yr where the water 
table intersected the land surface, and ET was estimated to be negligible once water table 
depths exceeded 4 m.  South Park is assumed to have a similar ET trend and only shallow 
groundwater near seepage faces and surface water bodies are likely to be susceptible to 
significant ET. 
 
4.4   Hydraulic head contours of bedrock aquifers 
Hydraulic head represents the energy potential of the groundwater system, and the 
configuration of hydraulic head provides vital information about groundwater flow within 
and between aquifers.  A hydraulic head contour map was created for the bedrock 
aquifers of the basin (fig. 4.5).  This map provides insight on local surface-water and 
groundwater interaction, groundwater flow patterns, and will later serve as an evaluation 
tool for the groundwater flow model’s performance.  
Depth-to-water measurements from 5288 wells were compiled into a database 
from three data sources and are assumed to represent steady-state, unconfined water-table 
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conditions.  (1) Water levels were collected in 16 wells throughout the EML and NVL.  
In addition to these manual measurements, data were collected from 8 pressure 
transducers that have daily records available from 1999 to present, with occasional gaps 
due to equipment maintenance or failure. (2) To supplement these field measurements, 
136 additional head measurements were pulled from the USGS National Water 
Information System (NWIS) database.  Records that indicated a potential quality-control 
issue, such as recent pumping, were not included in the final database.  Where time-series 
data were available, a mean water level was determined.  Seasonal variations in these 
time-series data were typically small (less than 2 m) and seasonality is assumed to have 
minimal impact on groundwater flow patterns at the regional scale considered here.  (3) 
Because of the limited number of high-confidence measurements (fig. 4.5), additional 
water-level data were pulled from the Colorado Division of Water Resources (CDWR) 
registered well database to complete the basin-wide contour map.   
These CDWR levels, reported as “static water” in well registration forms required 
by the state, are lower confidence data points in comparison to personally made 
measurements or those reported by the USGS.  The CDWR reported level is often 
collected by drillers during well installation or development and may record a period of 
stress on the well and surrounding aquifer.  This possible stress could alter water levels 
by 10s to 100s of meters.  To minimize the variability in the CDWR data, some basic 
data refinement was performed.  Incomplete records, such as those that did not report a 
well screen depth, were deleted from the database.  Illogical records were also removed, 
such as those reporting water levels deeper than the well itself or well screen intervals 
that fall below the total depth of the well.  Following this basic filtering of the CDWR 
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data, a high degree of local variability was still seen in hydraulic head between wells.  
The remaining data were examined for patterns that might impart some hydrogeologic 
significance.  No correlation between depth-to-water and well-screen depth was 
identified, and it is unlikely that the high variability in hydraulic head between closely 
located wells indicate the presence of hydrologically separated aquifers.   
Additional processing was determined to be necessary to make the CDWR data 
useful for regional analysis.  The basin was divided into 20 subunits having similar land 
surface topography and local geology, and the wells were grouped according to these 
units.  It was assumed that the similarity in land surface topography and permeability 
should impart similar depth-to-water relationships within each subunit.  The upper and 
lower quartile of depth-to-water was determined for each subunit, and well records that 
fell outside of this range were considered outliers and removed from the database, leaving 
a total of 5136 measurements.  This approach to culling the data assumes that there is a 
meaningful median and mean for the data, and that the majority of the wells report 
steady-state aquifer conditions. 
For all three sources of water level data, wells screened in the upper 15 m were 
removed from the database to avoid wells that represent hydraulic conditions in the 
unconsolidated glacial deposits.  These deposits, when present, are estimated to be less 
than 15 m in total thickness and were not included in the regional groundwater flow 
model because of their limited extent.  All remaining water levels were converted to 
hydraulic head estimates relative to the 30-m National Elevation Dataset (NED30) to 
establish a uniform vertical datum (North American Vertical Datum of 1988).  In addition 
to these water level data, major surface water bodies were used to establish additional 
  132  
controls on the position of the water table.  Major lakes and reservoirs likely act as 
sources of constant hydraulic head.  The elevation of the center of each lake with a 
surface area larger than 30,000 m2 was determined and applied to the entire lake area.  
These lake elevations were enforced on the estimation of the water table.  Previous 
discussion supports the assumption that surface water and groundwater are in hydrologic 
communication.  It is therefore reasonable to assume that stream elevations act as a 
general proxy for local groundwater levels.  Stream elevations were enforced on the 
hydraulic head contours at a minimum density of 1km to an elevation of 3150 m, about 
20 vertical meters above the highest stream gage that indicates perennial conditions.  
Without further data collection or modeling, it is unknown if streams are perennial above 
this elevation.  Finally, the full hydraulic head database, composed of the three sources of 
water level data and the elevations of selected surface water features, was gridded to 
create a smooth representation of hydraulic head.  The minimum curvature gridding 
method was used with a 200-m cell resolution and a low-pass filter with a tolerance of 10 
m. 
  133  
 Figure 4.5.  Map of the South Park basin showing the depth-to-water and contours of the 
generalized hydraulic head for bedrock aquifers estimated from high and low confidence 
well data as well as perennial stream and lake elevations.  A solid gray mask is applied to 
regions with unconstrained hydraulic head.  The hydraulic head contour interval is 50 m, 
the index contour interval (bold black lines) is 250 m. 
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Figure 4.5 shows the hydraulic head and depth-to-water estimated for the bedrock 
aquifers of the South Park basin.  The majority of streams and lakes show a gaining 
relation to the groundwater system, illustrated by the hydraulic head contour lines 
creating “V” shapes pointing up gradient (fig. 4.5).  The water table is estimated to be 
relatively shallow (less than 20 m) throughout the majority of the valley, while the water 
table in the higher elevation areas away from streams commonly exceeds 50-100 m 
below the land surface.  The mountainous parts of the basin lack sufficient field 
observations to constrain hydraulic head and remain undefined in figure 4.5.  Very few 
homes and wells exist in the high elevation parts of the basin, and there is little 
opportunity to make hydraulic head measurements.  This is a major challenge to 
understanding the groundwater flow patterns of South Park and other intermountain 
basins like it.  Because the only constraint in the WML lies in the assumption of the 
hydrologically interactive streams, the hydraulic head at higher elevations is difficult to 
quantify without numerical modeling. 
 
4.5   Hydrostratigraphic units 
Complex stratigraphy and geologic structure present particular challenges to 
understanding the geologic influences on groundwater flow in the South Park basin.  The 
geologic complexity of South Park is the result of a sequence of depositional and 
erosional periods punctuated by multiple orogenic and volcanic events.  A wide variety of 
sedimentary rock types and extensive folding and faulting are seen in the basin and create 
a heterogeneous permeability field.  Permeability is likely to be one the most 
hydrogeologically significant parameters in the groundwater flow model (Forster and 
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Smith, 1988b), and also one of the most difficult to define.  Limited oil and gas 
exploration and geophysical studies have focused on the central part of the basin, and the 
present-day knowledge of the subsurface is poorly constrained for large parts of the 
model domain.  Cross sections covering small parts of the basin have been drawn with 
1:24,000 and 1:100,000 scale geologic maps, but these sections are not always consistent 
within the regional context.  Cross sections capturing the regional-scale geology have 
rarely been published (c.f. Sterne, 2006), and no previous work was found that 
interpreted the 3-D geology of the entire South Park basin.   
A 3-D geologic model of the basin was developed as a framework to populate the 
permeability structure of the groundwater model domain.  A basin-wide bedrock map 
was compiled and five cross sections of major geologic units and structures were drawn, 
constrained by available stratigraphic logs, mapped geology, and regional potential field 
geophysical data (figs. 4.6, 4.7, and 4.8).  Cross sections were created with consideration 
for the geologic history of the area.  Detailed discussion of the cross section development 
and geologic model interpretation is provided in appendix 4A.  The geologic map units 
were grouped into major hydrostratigraphic units (HU) to facilitate modeling (fig. 4.6).   
Effective conceptualization of geology and related permeability structure requires 
consideration of the scale of interest.  Small-scale geologic structures may be 
hydrologically significant in the immediate vicinity of that structure, particularly under 
stressed hydrogeologic conditions.  However, it is impractical and perhaps unnecessary to 
account for all faults and folds that may occur in the domain when basin-wide flow is 
being considered.  Similarly, hydraulic properties are likely to vary within a given 
geologic formation. The creation of HUs was completed using qualitative criteria:  (1) 
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Rock types likely to have similar hydraulic properties (hydraulic conductivity in 
particular) that occur in stratigraphic succession were generally grouped into the same 
HU.  (2) The estimated maximum thickness of each geologic map unit was considered, 
and map units less than 500 m thick were lumped into surrounding units (fig. 4.6).  This 
approach captures the regional geologic framework of the system while minimizing 
complexity in the permeability field.  The final HU designations were applied to the 
geologic model to create a 3D conceptual model of the hydrostratigraphy of the basin 
(fig. 4.9).  This 3D hydrostratigraphy was used as the foundation for assigning 
permeability values to the groundwater flow model. 
The groundwater flow model is not intended to be used as a predictive tool and 
some thinner aquifers that have not been modeled could be significant to water resource 
management.  Glacial deposits, in addition to other recent alluvial deposits, cover much 
of the land surface throughout the flat-lying parts of the South Park basin.  These deposits 
are assumed to be less than 15 m thick.  Because glacial cover is a minor component of 
the total sedimentary package, it is assumed to have a negligent impact on regional flow 
and is generally only considered in the assessment of recharge and evapotranspiration 
rates. 
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Figure 4.6.  Stratigraphic section of map units (MU) and hydrostratigraphic units (HU) 
of the South Park basin.  The estimated maximum thickness of each map unit is used to 
define its relative thickness in the plot.  Geologic ages are shown to the right of dated 
materials.  
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Figure 4.7.  Map showing the surface bedrock geology of the 3-D geologic model, cross 
section locations, and oil and gas boreholes used to create the model.  Map units are 
further described in figure 4.6, Appendix 4A, and in the chapter text. 
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Hydrostratigraphic unit 1 – Proterozoic crystalline rock aquifers 
Granite batholiths mapped in the South Park basin have been identified from two 
major intrusive events of the Proterozoic (fig. 4.6).  The majority of the granitic rocks in 
the western portion of the Elkhorn thrust sheet have been dated at 1.4 Ga, similar in age 
to the Silver Plume Granite.  Older granitic intrusions have been dated at 1.7 Ga, 
including the igneous outcrops south at Hartsel (fig. 4.1) (Ruleman et al., 2011).  These 
batholiths intrude into metasedimentary country rock dominantly consisting of biotite 
gneiss and schist.  Primary porosity is assumed to be low, and the majority of fluid flow 
is expected to be through fractures.  This assumption is supported by laboratory analysis 
and borehole flowmeter tests performed in a well within HU1, as discussed in chapter 3 
of this dissertation (fig. 3.10 and table 3.10). 
Hydrostratigraphic unit 2 – Paleozoic aquitards  
HU2 comprises a series of interbedded quartzite and limestone formations 
overlain by shale, sandstone, and carbonate units.  The base of HU2 is the Cambrian 
Sawatch Formation, a medium- to coarse-grained, cross-bedded quartzite.  Overlying the 
Sawatch is the lower Ordovician Manitou Formation and the Mississippian Chaffee 
Group and Leadville Limestone, all of which consist of fine-grained dolomitic limestone 
formations with occasional mudstone, sandstone, and quartzite beds.  These formations 
are frequently mapped as a single unit (Tweto et al., 1978b; Day et al., 1999).  The 
Pennsylvanian Beldon Shale consists of dark gray to black marine shale, sandstone, and 
carbonate layers.  Overlying the Beldon is the Minturn Formation, a sequence of gray, 
yellow, and red sandstone, conglomerate and shale with some carbonate units.  The 
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Minturn Formation also contains some evaporite-bearing facies in the southwestern part 
of the basin.  Some saline cold springs are associated with these evaporite deposits.   
While parts of these formations have the potential to be high enough in 
permeability to be considered aquifers, particularly the lower carbonate units, their 
limited individual thicknesses did not justify designating individual HUs.  Huntley (1979) 
described similar Paleozoic units of the Sangre de Cristo Range as having limited 
primary permeability.  While secondary permeability is quite possible in the form of 
fractures, documentation of substantial karst development was not found for carbonates 
in South Park or the Sangre de Cristo Range. 
   
Hydrostratigraphic unit 3 - Pennsylvanian-Permian aquifers 
The Pennsylvanian to Permian Maroon Formation is a distinctive red-bed 
sequence of shale, siltstone, sandstone, and conglomerate with occasional limestone beds 
(Ettinger, 1964).  The Maroon Formation was likely to be in close proximity to the high 
topography of the Ancestral Rockies, providing a high-energy environment for the 
erosion and nearby deposition of coarse-grained arkosic sediment.  Along XS4 (fig. 
4.8d), the Maroon is deposited directly on the Proterozoic granite where it crops out 
above the surrounding deposits of the Antero Formation (Ettinger, 1964).  To the west, 
the Maroon Formation is interpreted to be deposited on HU2.  This formation is 
described by Stark et al. (1949)  to be about 1500 m thick in the southwestern part of 
South Park.  The Permian or Jurassic Garo Sandstone is also lumped into HU3 and 
consists of medium- to well-sorted sandstone and conglomerate with well preserved 
ripple marks (Ruleman et al., 2011).   
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Hydrostratigraphic unit 4 – Jurassic and Cretaceous aquitards 
The base of HU4 represents the Jurassic Morrison Formation.  The Morrison 
Formation consists of shale, siltstone, mudstone, limestone, and sandstone and has a 
distinctive purple to red color.  This unit is generally thin, with a maximum thickness 
measured at 80 m (Ettinger, 1964).  Overlying the Morrison is the Cretaceous Dakota 
Sandstone, a light brown to light gray, fine- to coarse-grained quartz-rich sandstone and 
pebble conglomerate.  This unit is generally well sorted and well lithified and forms 
ridges such as the prominent Red Hill (figs 4.1 and 4.7). Although the Dakota formation 
is likely to be much higher in permeability than the surrounding units in HU4, its limited 
thickness (115 m) made it unreasonable to be modeled as an individual HU at the 
regional scale.   
Cretaceous shale overlies the Dakota and Morrison and forms one of the thickest 
and most hydrologically significant units in the basin.  The Benton Group contains a 
series of shale and limestone members. Stark (1949) described numerous bentonite beds 
within the Benton Group in the vicinity of Reinecker Ridge.  Overlying the Benton 
Group is the Niobrara Formation, consisting of interbedded calcareous shale and 
limestone.  The Pierre Shale is the thickest component of this section, an olive to dark-
gray shale with some interbedded, thin limestone and sandstone layers.  HU4 is assumed 
to be a low permeability, flow-limiting layer in the South Park basin.   
 
Hydrostratigraphic unit 5 - Upper Cretaceous and Tertiary aquifers 
In the eastern half of the basin, the Cretaceous Fox Hills and Laramie Formations 
contain sandstone of varying degrees of cementation, conglomerate, and coal. The late 
Cretaceous-Tertiary South Park Formation is a Laramide-aged sedimentary unit that 
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overlies the Laramie and Fox Hills Formations in the eastern part of the basin, and it lies 
directly on HU4 farther west (fig. 4.8a,b, and c).  The South Park Formation is 
lithologically variable and is one of the largest sedimentary aquifers in the basin.  The 
base of the formation consists of the Reinecker Ridge Volcanic Member comprising 
erosion-resistant andesite, flow breccia, and tuffaceous sandstone/conglomerate.  The 
source of volcanism is likely from the northwest (McGookey, 2002) and Bryant (1981a) 
established an age of 65.5 +/- 1.6 Ma using potassium-argon isotopic dating.  Overlying 
the Reinecker Ridge Member is the Conglomeratic Member, composed of conglomerate, 
silty sandstone, and mudstone.  This formation varies in the degree of lithification and 
can form prominent ridges, including Reinecker Ridge (figs. 4.1 and 4.7).  The source of 
sediment for this member is likely from the west, as evidenced by coarsening and 
thickening to the west and east-dipping cross beds (Ruleman et al., 2011).  This unit 
ranges in thickness from 440 to 1700 m.  Overlying the Conglomeratic Member is the 
Link Springs Tuff Member, a thinly bedded to laminated tuff.  This tuff has a tendency to 
form ridges, although they are generally not as prominent as those created by the lower 
Conglomeratic Member.  Bryant (1981a) established a mean potassium-argon age of 58.0 
+/- 3.4 Ma for this tuff.  The youngest part of the South Park Formation is the Arkosic 
Member, an interbedded to lenticular mudstone, siltstone, silty sandstone, and 
conglomerate.  This member contains clasts primarily from the Proterozoic granites of 
the Elkhorn fault hanging wall (figs. 4.7 and 4.8), supporting the interpretation that this 
member is syntectonic with movement along the Elkhorn fault.   
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Hydrostratigraphic unit 6 - Tertiary volcanic aquifers 
HU6 is composed of the Thirtynine Mile Andesite, a series of andesitic and 
basaltic dikes, lava flows, laharic flow breccias, and ash fall tuffs (DeVoto, 1964; Epis 
and Chapin, 1979).  Epis and Chapin (1979) describe a series of erosional events during 
the period of volcanic activity, leading to the interlayering of conglomeratic sandstone 
units within paleovalleys.  These volcanic materials have been observed to rest on 
Proterozoic plutonic and Cretaceous sedimentary rocks throughout the southeastern part 
of the South Park basin, and no evidence of volcanic flows have been found north of the 
South Platte River.  At Thirtynine Mile Mountain, this volcanic series has been observed 
to be as much as 600 m thick.  The ash layers vary in degree of welding and possibly 
fracture intensity throughout the TMVF, and permeability is likely to be highly 
heterogeneous. 
The TMVF has been associated with the eruption of the Guffey volcanic center 
located about 10 km south of Thirtynine Mile Mountain (fig. 4.1).  The eruption has been 
estimated to have occurred between 36.1 and 31.3 Ma (McIntosh and Chapin, 2004).  At 
the southeast corner of the South Park basin, Thirtynine Mile Mountain has been 
interpreted to be the northern flank of the Guffey volcano due to the northward dipping 
andesite and the exposed intrusive rocks and subsidence features to the south (Chapin and 
Epis, 1964).  It is assumed that the thickness of these units diminishes to the north.  The 
extent of this formation is highly variable.  Previous study has indicated location and 
thickness of the flows and breccias associated with the Thirtynine Mile Andesite, 
particularly the early, welded ash deposits, are strongly correlated to location and shape 
of paleovalleys present during volcanic activity (Chapin and Epis, 1964).  This variability 
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in deposition and preservation may be partly responsible for the present variability in 
extent. 
 
Hydrostratigraphic unit 7 – Tertiary lacustrine aquifers 
The Antero Formation consists of tuffaceous sedimentary rocks that have been 
described as distinct upper and lower members by DeVoto (1964).  The lower member is 
composed of fluvially reworked tuff, tuffaceous volcanic and arkosic sandstone, tuff-
pebble conglomerate, and tuffaceous siltstone, mudstone, limestone, and shale.  This 
member is generally poorly cemented.  The pebbles in the conglomerate are often 
composed of fragments from the Thirtynine Mile Andesite.  Erosion following the early 
activity in the TMVF likely led to the deposition of extensive ash layers along with some 
limestone and conglomerate layers.  This member was estimated to be at least 600 m 
thick at the center of the Antero syncline and rests in angular unconformity with the 
Precambrian, Pennsylvanian, and Permian rocks (DeVoto, 1964).  McIntosh and Chapin 
(2004) obtained an 40Ar-39Ar age for the tuffs to be 33.8 +/- 0.1 Ma. 
The upper member of the Antero Formation is composed of argillaceous, gray to 
brown conglomerate, gravel, arkosic sand, mudstone and mudstone.  Like the lower 
member, beds are generally poorly cemented and highly lenticular, and bedding is 
typically poorly developed.  Pebbles are generally sourced from the Precambrian granite, 
Paleozoic quartzite, limestone, and chert, and the Thirtynine Mile Andesite.  The total 
thickness of the upper member is about 330 m on the western side of the crystalline 
basement high seen in XS4 and XS5 and has likely been completely eroded to the 
extreme southwest (fig. 4.8d and e).   
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For modeling purposes, the Trump and Wagontongue Formations are included 
with the Antero Formation in HU7.  The formations are estimated to have maximum 
thicknesses of 90 and 200 m, respectively, and have similar mudstone, sandstone, and 
conglomerate compositions, although they generally are not described as being 
tuffaceous (DeVoto, 1964).  Because of their limited mapped extent in the southwest 
portion of South Park, it is assumed that their impact to regional flow is minimal. 
4.6   Numerical groundwater flow model 
A saturated, unconfined, steady-state groundwater flow model was constructed 
for the South Park basin.  The Finite-Element Subsurface Flow and Transport Simulation 
System (FEFLOW) (DHI-WASY GmbH, Berlin, Germany) is a finite-element fluid, 
heat, and mass transport modeling program that uses a Darcian approach under fully 
saturated conditions.  In steady-state, the groundwater flow equation is an expression of 
mass conservation and can be simplified to the following form: 
      0 
w
w
w
w
w
w
zyx qz
q
y
q
x
                                        (2) 
where qx, qy, and qz are the directional components of fluid flux, or the Darcy velocity.  
Fluid flux through a porous medium is driven by a combination of gravitational and fluid 
pressure energies and is described by Darcy’s Law: 
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Where Kijk is the hydraulic conductivity tensor, a directionally and spatially dependent 
material property that describes the ease with which a specified fluid moves through a 
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porous medium.  The energy potential at a given location (l) in the flow system is 
classically defined as hydraulic head (h):  
l
l
l zg
ph  
U
                                                       (4) 
 
Where p is the fluid pressure, ȡ is the fluid density, g is gravitational acceleration, 
and z is the elevation at which head is being evaluated.   
By assuming a steady-state model, groundwater flow is examined under long-
term equilibrium conditions.  The complexity imposed on boundary conditions by 
seasonal variations in recharge and stream discharge is not directly simulated but treated 
as long-term averages in the model.  The objective of the modeling effort is to understand 
the basic regional dynamics of the flow system.  Freeze and Witherspoon (1966) give a 
well-presented argument on the use of steady-state regional flow models:   
“(1) For the regional scale of most investigations, the difference of a few feet 
between high water and low water positions of the water table will have little 
effect on flow patterns. (2) The relative configuration of the water table usually 
remains the same throughout the cycle of fluctuations; that is, the high points 
remain the highest and low points remain the lowest.”   
 
Furthermore, few transient data are available in the South Park basin to evaluate a 
transient model’s performance, such as time-varying hydraulic head measurements.  The 
complexity of snow-dominated recharge and limited climatic data in the different 
landscapes would introduce many unconstrained parameters to the model that could not 
be well evaluated.   
By using a fully saturated approach, the unsaturated zone is not considered part of 
the model domain.  Modeling the unsaturated zone requires several additional parameters 
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that are difficult to constrain, particularly for a regional-scale model with the degree of 
heterogeneity expressed by the South Park basin.  These parameters include initial 
estimates of soil saturation, soil property distributions, infiltration rates, and functions 
describing the relation between hydraulic conductivity and saturation for particular soil 
units.  This modeling effort focuses on the sensitivity of the groundwater flow system to 
regional-scale heterogeneities.  Shallow groundwater flow models and models that 
integrate surface processes are better suited for studying the impact of heterogeneity in 
the unsaturated zone.  For fully saturated flow models such as the one used in this 
research, recharge is defined as the flux of water delivered to the water table and 
groundwater system.  Processes occurring in the unsaturated zone, such as interflow to 
streams or changes in soil moisture, are not directly simulated.   
The construction of a finite-element groundwater flow model involves defining 
the physical model domain, discretization of that domain into a series of nodes and 
elements over which calculations will be made, and the assignment of boundary 
conditions and material properties that reasonably describe the flow system at the scale 
being modeled.  The model domain for the South Park basin was selected by establishing 
the surface watershed divides from the outlets of Tarryall and Elevenmile Canyon 
Reservoirs (fig. 4.1 and 4.10).  Land-surface topography was defined by the NED30 
digital elevation model.  The original 30-m resolution of the NED30 was determined to 
be too high for the regional nature of the model, and the roughness of the mountainous 
terrain presented a computational obstacle.  The NED30 was reduced to a 100-m 
resolution and used to define the reference elevation of the land surface.  The total depth 
of the model was extended 7 km below the land surface to allow for deep circulation and 
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to capture the full thickness of the sedimentary section in the associated 3-D geologic 
model (figs. 4.8 and 4.9).  The model domain was discretized into approximately 2.4 
million triangular, prismatic elements configured in 10 layers (table 4.3).  Elements range 
in size from about 500 m in width to less than 50 m near assigned boundary conditions, 
observation points, or locations in the model where smaller spatial steps improved 
computational efficiency (fig. 4.9).  
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 Figure 4.9.  Diagram showing the physical model domain, boundary conditions (BC) 
(violet circles are constant head BC; green circles area fluid transfer BC), and element 
mesh (gray lines) of the groundwater flow model.  Cross sections locations (black lines) 
from the geologic model development are shown for reference.  
  153  
 
Model 
layer Thickness (m) Top depth (m) Bottom depth (m) 
1 100 0 100 
2 100 100 200 
3 100 200 300 
4 100 300 400 
5 100 400 500 
6 500 500 1000 
7 1000 1000 2000 
8 1000 2000 3000 
9 2000 3000 5000 
10 2000 5000 7000 
 
Table 4.3.  Groundwater flow model layer configuration 
 
 
4.6.1 Boundary conditions  
Model perimeter boundary conditions 
 The geographic extent of the model domain was selected in part to allow for clear 
boundary condition assignment at the model perimeter.  Tarryall and Elevenmile Canyon 
Reservoirs provided reasonable constraints on the hydraulic head at the eastern edge of 
the model (fig 4.10).  The center elevation of both reservoirs was used to define constant-
head boundary conditions for the full vertical extent of the model where the reservoirs 
intersect the eastern model boundary: 
Cl hh  .                                                               (5) 
Equation (5) enforces a specified hydraulic head (hC) at a particular model node.  The 
majority of the eastern perimeter of the model was also assigned constant-head boundary 
conditions, and reference head values were chosen to follow a subdued replica of the 
overlying topography of the Puma Hills and Tarryall Mountains away from the reservoirs 
(figs. 4.1 and 4.10).  The remaining model perimeter intersects major topographic divides 
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(fig. 4.1).  These model boundaries were assumed to behave as groundwater divides and 
were represented as constant-flux, no-flow boundary conditions: 
0 iq                                                              (6) 
  
Upper surface boundary conditions 
For an unconfined aquifer being simulated under saturated-only conditions, the 
water table acts as the upper boundary of the model domain.  The water table is defined 
as a surface of equal pore fluid pressure equivalent to atmospheric pressure.  Pore 
pressure was modeled in units of gage pressure, where atmospheric pressure is defined as 
p = 0, and the elevation of the water table (zw) is then a special case of equation (4):  
hl = zw.                                                            (7) 
The water table was treated as a moving free surface.  Free-surface modeling 
approaches often involve calculating hydraulic head over a spatially fixed element mesh.   
However, the fixed mesh approach has some drawbacks, particularly with respect to 
computational efficiency under complex land surface topography and high relief water 
tables common to mountainous landscapes.  As the location of the free surface changes 
within a given element, parts of elements may become unsaturated and inactive.  The 
saturated volume of the element must be recalculated with each iteration on an element-
by-element basis, and in some instances entire elements may become inactive due to low 
free surface elevations.  An alternative movable-mesh free surface is available in 
FEFLOW.  This movable mesh allows the layer thickness to change dynamically with the 
water table, and the top of the upper layer always coincides with the water table 
elevation.  This approach eliminates any unsaturated areas in the domain and all elements 
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are hydrologically active.   Numerically, the movable-mesh free surface is implemented 
by applying two boundary conditions to the top of layer 1 of the model: 
  nlo qnR                                                        (8) 
                                                           (9) wll zh  
Equation (8) represents a constant-flux boundary condition that assigns the fluid flux 
normal to the top layer (qn) to the prescribed groundwater recharge rate (Ro), where nl is 
the unit vector normal to the layer and is defined as positive outward.  Equation (9) 
represents a constant-head boundary condition that defines the hydraulic head of the top 
of layer 1 as the constant pressure surface of the water table.  Equation (9) also redefines 
the elevation of the top of layer 1 (zlw) to be equal to the hydraulic head. 
The movable mesh was implemented using a Best-Adaptation-to-Stratigraphic-
Data technique (Diersch, 1998) to attempt to keep the reality of the initially defined 
permeability structure in place by avoiding elements that comprise more than one model 
property.  To accomplish this, the layers are generally moved in a way that prioritizes the 
original stratigraphic framework, minimizing changes in the geometry of the permeability 
field.  The top 6 layers were free to move during modeling, while the bottom 4 layers 
were assumed to always lie below the dynamic part of the groundwater system and 
remained fixed at their initially assigned elevations.  As a result, the total model thickness 
is dependent on the calculated water table elevation and is not constant throughout the 
model domain. 
In order to evaluate the impact of spatially variable recharge on the groundwater 
flow system, a similar total recharge volume between all heterogeneity cases should be 
maintained.  All recharge rates were chosen based on the distribution of precipitation. 
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Distributed mean annual precipitation data were taken from 1970-2000 averages 
calculated by the Parameter-Elevation Regressions on Independent Slopes Model 
(PRISM).  PRISM is a spatially variable climate modeling system that incorporates 
climate station data, digital elevation models, and estimates of temperature inversions and 
orographic effects to estimate distributed temperature and precipitation patterns (Daly et 
al., 2002; PRISM, 2006).  PRISM precipitation estimates were used as a basis for the 
distribution of recharge in the groundwater flow model.  For the reference model, the 
average precipitation rate of each HLU (PHLU ) was estimated by redistributing the 
estimated precipitation for individual PRISM cells (Pc) using the following summation:  
HLU
n
c
cc
HLU A
aP
P
¦
  1                                                         (10) 
where ac is the area of the individual PRISM cell, n is the total number of cells in a given 
HLU, and AHLU is the total area of the HLU.  Recharge rates (RHLU) were then estimated 
as a percentage of the average precipitation rates.  Established recharge-to-precipitation 
ratios were evaluated in the literature, and other semi-arid and mountainous basins were 
used to establish a range of reasonable ratios (table 4.2).  These ratios were used as 
guidelines for establishing appropriate recharge rates for the South Park basin.  The EML 
and SVL have similar vegetation and elevation in their higher elevation regions and may 
have similar areal recharge rates.  The WML, because of the differences in land cover, 
elevation, and temperature, was explored for recharge-to-precipitation ratios 
independently.  For the WML, 15% of the precipitation rate was the most reasonable 
recharge rate (RWML = 85 mm/yr), while for the EML and SVL 10% was selected (REML = 
39 mm/yr, RSVL = 32 mm/yr).  The NVL, due to its consistently low topography and 
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uneven and unreliable snow pack, is assumed to be a region where the potential ET is 
high and precipitation is not able to reach the water table in the form of areal recharge.  
No areal recharge was defined for this landscape (RNVL = 0 mm/yr).   
Surface water boundary conditions 
 Streams below an elevation of 3,150 m whose watersheds extend to the WML 
were previously established as perennial and are considered to be potential sinks and 
sources for groundwater flow.  The topographic lows likely create a location of drainage, 
and runoff from snowmelt makes substantial contributions to stream discharge through 
the warmer months and may provide water to the aquifers in the valley.  These streams, 
in addition to lakes larger than 30,000 m2, were modeled as fluid-transfer boundary 
conditions to enforce the water table elevation at streams (fig 4.9): 
)( lRn hhq  I                                                    (11) 
and   
   
s
Kk I .                                                         (12) 
Fluid flux was defined for surface-water nodes based on a constant hydraulic head, 
defined as the reference land-surface elevation at the stream position (hR) and a 
prescribed transfer rate (I ).  The transfer rate describes the degree of surface water and 
groundwater interaction as a function of the hydraulic conductivity in the vertical 
direction (Kk) and the thickness of the modeled stream bed (s).  This boundary condition 
has the potential to act as either a constant head or no-flow boundary under different 
degrees of hydraulic connectivity between streams and groundwater.  When the transfer 
rate is set very low ( )0oI , this boundary becomes a no-flow constant-flux boundary.  
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When the transfer rate approaches the surrounding hydraulic conductivity of the aquifer, 
the boundary becomes a constant-head boundary.   
Models were created with a variety of transfer rates that limited both inflows and 
outflows to simulate different degrees of hydraulic connectivity to streams.  The modeled 
hydraulic head distribution was found to be most similar to the available water level data 
from wells and established by the head contour map (fig. 4.5) when the transfer rate was 
high ( kK I and s = 1 m).  This also presented the simplest-case treatment of streams, 
and was therefore chosen to be the most appropriate for the objectives of this modeling 
exercise. 
 Tributaries whose watersheds do not extend into the WML do not have consistent 
sources of snowmelt to sustain stream flow and are unlikely to act as focused recharge 
sources in the natural system.  To prevent unrealistic focused recharge at these streams, a 
constraint was added to their fluid-transfer boundary conditions: 
0dnq .                                                               (13) 
When the direction of fluid flux normal to the top layer is inward (qn is positive), the 
constraining condition isn’t met and the fluid transfer boundary becomes inactive.  This 
prevents the stream node from acting as a focused source of water under these conditions, 
but still permits groundwater to discharge to the stream node if the water-table elevation 
allows for it.  
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Seepage boundary conditions 
 Seepage was permitted in some locations of the model where the modeled water 
table had a tendency to exceed the land surface under otherwise favorable model 
parameter settings (fig. 4.9).  Seepage was enforced as a constrained constant-head 
boundary:  
0d
 
n
Rl
q
zh
                                                     (14, 15) 
where hydraulic head is defined by the reference elevation of the land surface (zR) when 
the sign of the fluid flux normal to the top layer indicates that flow is leaving the model.  
If the fluid flux direction is inward, the boundary condition remains inactive and head is 
undefined.  These seepage areas are mostly restricted to incised streams above the 
established perennial flow elevation and to the steep topography in the WML and the 
base of the Puma Hills.  Additional seepage faces were added along portions of Tarryall 
Creek in the NVL where groundwater-fed fens have been mapped (Chapman et al., 2003) 
(figs. 4.1 and 4.9).  These fens are expected groundwater discharge locations and likely 
provide an opportunity for evapotranspiration-based losses. 
 
4.6.2   Hydraulic conductivity estimation 
The hydraulic conductivity tensor is a material property that describes the ease 
with which a specific fluid can be transmitted through the material.  Darcy’s Law (eq. 3) 
illustrates that the magnitude of fluid flux is a direct function of hydraulic conductivity.  
The hydraulic conductivity tensor (Kijk) is a function of the fluid density (ȡ) and viscosity 
(ȝ) and permeability (kijk) of the geologic material: 
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P
UgkK ijkijk  .                                                    (16) 
Permeability describes the ease with which fluids can travel through a given geologic 
material independent of the fluid properties.  Permeability values of rocks can range over 
15 orders of magnitude (Freeze and Cherry, 1979).  The variability of fluid density and 
viscosity is much lower than that of permeability, and fluid properties were assumed to 
be constant throughout the full extent of the model domain.   
Hydraulic conductivity values were chosen for each HU through trial and error 
model calibration with a strong consideration for field measurements and previously 
published values of similar rock types.  Few field hydraulic measurements are available 
for the South Park basin.  Single-well pumping tests (Ball et al., 2010) and slug tests 
(Marler and Ge, 2003) performed near the boundary between the EML and NVL support 
the classification of the crystalline rocks (HU1) as an aquifer, and they also indicate that 
parts of the upper Arkosic Member of the South Park Formation (HU5) are lower in 
hydraulic conductivity (table 4.4).  Pumping tests in the lower Conglomeratic Member 
performed by Jehn Water Consultants (1997) suggested higher hydraulic conductivity 
values.  This limited number of measurements does not warrant breaking the members of 
the South Park Formation into different HUs, but they may indicate permeability 
heterogeneity within the formation. 
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 HU 
K (m/s at 
10 ºC) Rock description Source 
    
Generalized 
estimates   
1 5.9E-08 crystalline (Gleeson et al., 2011) 
2 4.7E-09 siliciclastic sedimentary (Gleeson et al., 2011) 
3 2.2E-06 coarse-grained siliciclastic sedimentary (Gleeson et al., 2011) 
4 2.4E-10 fine-grained siliciclastic sedimentary (Gleeson et al., 2011) 
5 2.2E-06 coarse-grained siliciclastic sedimentary (Gleeson et al., 2011) 
6 2.2E-06 volcanic (Gleeson et al., 2011) 
7 2.2E-06 coarse-grained siliciclastic sedimentary (Gleeson et al., 2011) 
    
    
South Park basin 
estimates   
1 1.7E-05 Crystalline rock (Ball et al., 2010) 
1 6.4E-05 Crystalline rock (Marler and Ge, 2003) 
5 3.6E-08 South Park Fm, Arkosic member (Ball et al., 2010) 
5 2.6E-09 South Park Fm, Arkosic member (Marler and Ge, 2003) 
5 3.4E-06 South Park Fm, Conglomeratic member (Jehn, 1997) 
5 3.5E-07 South Park Fm, Conglomeratic member (Jehn, 1997) 
    
San Luis basin 
estimates   
2 1.0E-10 Harding Quartzite (Huntley, 1979) 
2 3.0E-10 Sharpsdale Sandstone (Huntley, 1979) 
2 1.0E-10 Sangre de Cristo Fm (Huntley, 1979) 
5 6.3E-05 Santa Fe Fm (Huntley, 1979) 
5 1.9E-06 Santa Fe Fm (Huntley, 1979) 
5 3.9E-05 Santa Fe Fm (Huntley, 1979) 
5 3.3E-07 Santa Fe Fm (Huntley, 1979) 
6 7.5E-09 Moderately welded carpenter ridge tuff (Huntley, 1979) 
6 7.5E-09 Mildly welded carpenter ridge tuff (Huntley, 1979) 
6 7.5E-09 Moderately welded Fish Canyon Tuff (Huntley, 1979) 
6 7.5E-09 welded Bonanza tuff (Huntley, 1979) 
6 5.2E-07 welded Bonanza tuff (Huntley, 1979) 
6 6.9E-07 air-fall tuff (Huntley, 1979) 
6 5.4E-07 Lahar (Huntley, 1979) 
6 3.2E-08 Lahar (Huntley, 1979) 
6 3.3E-07 Lahar (Huntley, 1979) 
6 4.1E-08 ash-flow (Huntley, 1979) 
6 5.0E-04 Columnar joints in welded ash flow tuff (Huntley, 1979) 
6 2.7E-04 Columnar joints in welded ash flow tuff (Huntley, 1979) 
6 3.6E-05 Andesite flows (Huntley, 1979) 
7 2.4E-08 Water-laid tuff (Huntley, 1979) 
7 3.9E-06 Sandy water-laid tuff (Huntley, 1979) 
7 8.9E-08 silty water laid tuff (Huntley, 1979) 
    
Turkey Creek watershed estimates  
1 5.5E-07 Crystalline rock (Caine and Tomusiak, 2003)  
 
Table 4.4.  Summary of hydraulic conductivity estimates from South Park and other 
pertinent sources. 
  162  
The few established hydraulic conductivity values for the South Park basin do not 
provide enough coverage to estimate the contrasts in hydraulic conductivity for all HUs 
in the model domain.  Published hydraulic conductivities from other studies were heavily 
relied upon (table 4.4).  The regional scale estimates compiled by Gleeson et al. (2011) 
were considered to be particularly applicable to the scale of the South Park basin model.  
Each HU was matched to Gleeson et al.’s hydrolithologic categories and the 
corresponding mean hydraulic conductivity values.  To minimize model complexity, HUs 
classified as aquifers and aquitards were generally matched with similar values.  These 
values were compared to measured hydraulic conductivity measurements from other 
formations in surrounding areas (Huntley, 1979; Bossong et al., 2003) and found to be 
reasonable.  These hydraulic conductivity values were applied to the groundwater flow 
model under a variety of stream transfer rates, surface seepage boundary configurations, 
and areal recharge values (fig. 4.11).  Table 4.5 describes the hydraulic conductivity 
values assigned to HUs in layer 1.     
While the contrasts established by Gleeson et al. (2011) realistically recreated 
observed water table elevations for a variety of boundary condition assignments, some 
small adjustments had to be made to avoid unreasonable water table configurations and 
model convergence errors.  The hydraulic conductivity of HU2 was raised by half an 
order of magnitude to minimize the extent of seepage conditions in the WML under 
moderate recharge rates.  The hydraulic conductivity of the first two layers (upper 200 m) 
of HU1 was raised by one order of magnitude in comparison to the reported mean 
conductivity of crystalline rock.  This was necessary to reduce the hydraulic head levels 
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in the EML without large seepage areas, and local field measurements in this HU support 
a higher permeability in at least the first 50 m (Ball et al., 2010).      
 
Figure 4.11.  Diagram showing the hydraulic conductivity values assigned to the 
groundwater flow model.  Cross sections locations from the geologic model development 
are shown for reference.  Hydrostratigraphic units (HU) are labeled. 
  164  
 
 
HU number K (m/s) HU description 
1 5.80E-07 Proterozoic crystalline rock aquifers 
2 8.00E-08 Paleozoic aquitards 
3 2.30E-06 Pennsylvanian-Permian aquifers 
4 6.00E-08 Jurassic and Cretaceous aquitards 
5 2.30E-06 Upper Cretaceous and Tertiary aquifers 
6 2.30E-06 Tertiary volcanic aquifers 
7 2.30E-06 Tertiary lacustrine aquifer 
 
Table 4.5.  Hydraulic conductivity (K) values assigned to each hydrostratigraphic unit 
(HU) for layer 1. 
 
Most significantly, HU4 (Cretaceous shale aquitards) was modeled as 2 orders-of-
magnitude higher in conductivity than the mean value estimated by Gleeson et al. (2011) 
or those reported for similar units by Huntley (1979).  The conductivity contrasts from 
the literature led to numerical instability and unreasonably high modeled hydraulic head 
in the NVL.  This HU bisects the valley in the main direction of flow and can be 
controlling of groundwater flow patterns.  While the modeled hydraulic conductivity 
values here are higher than those typically applied to Cretaceous shales, these units have 
also been deformed in the fold-thrust belt of the South Park basin and contain structural 
complexity not specifically included in the model (fig. 4.8, app. 4A).  Secondary 
permeability created by faults, fractures, and joints may contribute to the hydraulic 
properties of HU4 and justifies the use of higher values in South Park. 
The reduction in permeability with depth has been well established in deep fluid 
and geothermal modeling (Ingebritsen and Manning, 1999; Saar and Manga, 2004).  The 
overlying pressure of materials closes pore spaces within rock, and optimally oriented 
open fractures become smaller in aperture and eventually close, reducing the effective 
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porosity and hydraulic conductivity of the rock.  This reduction may have substantial 
impacts on the dynamics between local, intermediate and regional flow systems within 
the basin (Jiang et al., 2009).  The relation developed by Ingebritsen and Manning (1999) 
was used to define the reduction in permeability with depth (z) for each HU below 1 km: 
zk log2.314log  .                                            (17) 
Permeability was converted to hydraulic conductivity assuming a constant fluid viscosity 
and density appropriate for 10 ºC using equation (16).  For the shallower layers, a 
constant hydraulic conductivity was applied for numerical stability and simplicity, with 
the exception of zones of increased fracture intensity represented in the upper 2 layers of 
HU1 previously mentioned (fig. 4.12). 
 
 
Figure. 4.12. Figure showing the decay in hydraulic conductivity with depth for 
Hydrostratigraphic Unit 1 (Proterozoic crystalline rocks) modified from Ingbriteson and 
Manning (1999).  Solid lines indicate model slice locations.  The same function was 
applied for all hydrostratigraphic units. 
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Anisotropy in the hydraulic conductivity field was also tested for the sedimentary 
units, with an order-of-magnitude reduction in vertical conductivity relative to the 
horizontal conductivity.  Model performance was not notably improved with respect to 
hydraulic head distribution at known points, seepage requirements, or stream baseflow 
estimations.  The final conductivity values were assigned to be isotropic to minimize 
unnecessary complexity. 
 
4.6.3   Calibration of the reference model 
A reasonable reference model of the groundwater flow system was sought to 
make interpretations about the groundwater flow dynamics of the South Park basin and to 
serve as a comparison for recharge and fault zone permeability heterogeneities.  Several 
parameters were adjusted within physically constrained bounds during the calibration 
procedure, including (1) hydraulic conductivity contrasts, (2) recharge-to-precipitation 
ratios for entire HLUs, (3) stream boundary conditions and transfer functions, (4) the 
location of seepage boundary conditions, and (5) the addition of simulated 
evapotranspiration to the NVL.  Through numerous manual adjustments and runs, an 
understanding of the model response was developed, and this learning experience was 
crucial to model operation and the selection of the final settings for the reference model.  
Where notable improvements to the calibration criteria were not achieved, the least-
complex model with the fewest parameters was favored. 
 The primary model output parameter commonly used to calibrate, or assess the 
performance of, groundwater flow models is hydraulic head.  Measurements of water 
levels in wells generally provide the foundation for evaluating whether a given set of 
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model conditions effectively represents the natural system.  Studies of intermountain and 
mountainous basins like South Park are often hindered by the sparse distribution of data 
in these terrains.  Residential wells are generally restricted to lower elevation valleys, and 
there is little information to constrain the water table in the higher elevation areas.  Since 
these areas are likely to be primary recharge zones and an important driver of the 
groundwater flow system, calibrating models of mountainous terrain is particularly 
challenging.   
Despite the bias towards low elevation wells, observed hydraulic head in wells 
served as a primary parameter for evaluating the model performance in the South Park 
basin.  Different model configurations were evaluated against observed hydraulic head 
data to select reasonable boundary conditions and material properties to represent the 
reference model.  The final reference model does qualitatively well at recreating the 
hydraulic head patterns identified in the contours created from wells and surface water 
bodies (figs. 4.5 and 4.13).  High confidence hydraulic head measurements used in the 
generation of the generalized water table map (fig. 4.5) were used as the main 
quantitative calibration dataset.  The lower confidence CDWR-reported water levels were 
highly variable, and the combination of the measurement uncertainty with the model 
uncertainty could result in misinformative statistics.  To avoid evaluation criteria that are 
not necessarily indicative of the steady-state system, these CDWR wells were not used 
for model evaluation.  
 The observed hydraulic head at each well,  [m], relative to the NED30 used in 
the creation of the model domain was calculated by 
obs
lh
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NED
l
obs
l dzh  
30                                                  (18) 
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where  [m] is the land-surface elevation defined by the NED30 and  [m] is the 
measured depth to water in a given well.  For each model run, the water table position at 
the elemental node geographically closest to each well, , was evaluated against  
using two goodness-of-fit criteria: (1) the normalized root mean squared error (NRMSE 
[%]), 
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where n represents that number of points evaluated; (2) an alternative coefficient of 
determination (r2): 
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The final reference model was able to achieve a good goodness-of-fit with respect 
to high-confidence head observations.  Figure 4.14 shows a traditional scatter plot, where 
the modeled and observed head data are plotted against each other.  Under a perfect fit, 
the data points would converge on the line, the NRMSE would be reduced to 0%, and the 
r2 value would reach 1.  The reference model has an NRMSE of 6.0%, and the r2 value is 
0.90.   
Groundwater flow models are non-unique, and as such a variety of model 
parameter settings can result in a similar hydraulic head distribution.  Maintaining 
reasonable goodness-of-fit criteria at these high confidence wells was possible under a 
wide range of model parameter configurations.  Because these data points are mostly 
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located in relatively low elevation areas and regions near streams, the election of 
appropriate stream boundary conditions was the most important controlling factor in 
achieving good model performance using these criteria.  The addition of 
evapotranspiration to the NVL was the other main parameter to which well-field head 
was sensitive, resulting in much less reasonable goodness-of-fit statistics.  Changes in 
hydraulic conductivity contrasts, recharge rates, and other boundary conditions had 
limited impact on these numbers, and parameters within the WML remained particularly 
unconstrained using this calibration dataset.
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 Figure 4.13.  Contours of the bedrock water table elevation from the reference 
groundwater flow model.   The hydraulic conductivity of layer 1 is shown for reference.  
Streams (thin blue lines) and lakes (blue polygons) are shown with the locations of high 
confidence wells used in goodness-of-fit statistics. 
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Figure 4.14.  Graph showing the reference model’s performance at calculating observed 
hydraulic head data for the high-confidence wells in the South Park basin. 
 
Changes in hydraulic head distribution in the WML could not be evaluated by 
well data with the valley-focused distribution of wells.  To monitor the impact of 
different model parameters in the WML, six Mosquito Range summits were selected to 
evaluate the depth to the water table:  Boreas Mountain, Mt. Silverheels, Mt. Bross, 
Pennsylvania Mountain, Sheep Mountain, and East Buffalo Peak (fig, 4.1, table 4.6).  The 
final reference model water table showed a wide range of depths, from about 500 m to 
over 800 m.  While no direct observations exist to determine what the water table 
elevation should be below these summits, a few high-elevation wells in the nearby 
Handcart Gulch watershed (Caine et al., 2006), located about 5km northeast of the model 
domain, were used to get a general idea of what was reasonable for the area and climate. 
Water levels in Handcart Gulch were generally within 130 m of the ground surface and 
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become shallower with proximity to streams.  The steep hydraulic gradients required to 
maintain water tables this high in elevation below the high summits of the Mosquito 
Range led to numerical instability and unreasonable quantities of seepage. The hydraulic 
conductivity of Handcart Gulch may be quite different from that of South Park, as 
Handcart Gulch is a hydrothermally altered and mineralized environment and stream 
interaction may be limited by mineralized soils.  This may result in lower overall 
hydraulic conductivity, sustaining higher water tables than can be sustained in the 
Mosquito Range within the South Park basin.  It is further notable that the highest 
elevation observation in Handcart Gulch is at the summit of Webster Pass, at an elevation 
of 3687 m.  Summits evaluated in South Park can be much higher in elevation, exceeding 
4200 m, and water tables would be expected to be somewhat deeper under the increased 
elevation. 
 
Summit Land-surface elevation (m) 
Modeled head 
(m) 
Depth-to-water 
(m) 
East Buffalo Peak 3842 3340 502 
Sheep Mountain 3841 3272 569 
Pennsylvania Mountain 3907 3369 538 
Mt. Bross 4280 3606 674 
Mt. Silverheels 4146 3321 825 
Boreas Mountain 3809 3291 518 
 
Table 4.6. Table quantifying the water table configuration below selected summits of the 
Mosquito Range in the western mountain landscape 
 
 Groundwater model contributions to stream baseflow were also used to calibrate 
model parameters.  Stream baseflow observations from selected stream gages in the basin 
were compared to modeled fluid fluxes to assess the reasonableness of the model 
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construction at recreating basic processes in the South Park basin (table 4.7).  The 
balance of fluid fluxes leaving and entering fluid-transfer and seepage-face boundary 
conditions were used to estimate the groundwater discharge contribution to selected 
stream reaches.  Nodes within or upstream of major reservoirs were not included in the 
balance estimates.  It was assumed that groundwater discharge above these reservoirs 
would be captured with dam storage and are not reflected in the stream gage 
observations.  Stream reaches above reservoirs were included in baseflow estimation if 
the dam was not yet constructed at the time of stream gaging.  These estimates were 
compared to mean baseflow estimates from stream discharge records (USGS NWIS data, 
accessed 2009 at http://waterdata.usgs.gov/nwis).  Baseflow was assumed to dominate 
the seasonal low flows of streams showing perennial conditions, and the monthly mean 
discharge of the lowest-flow winter month was used to represent baseflow discharge 
(table 4.7).   
Stream gage 
Measured 
mean 
baseflow 
(m3/d) 
Period of 
record 
evaluated 
(water 
year) 
Modeled 
baseflow 
(m3/d) 
Percent 
difference 
Tarryall Creek at Upper Station 9872 1979-1986 7058 -28.5 
Tarryall Creek below Rock Creek 20657 1984-19862 23511 13.8 
Middle Fork of the South Platte River above 
Fairplay 18949 1979-1980
2 20227 6.7 
South Fork of the South Platte River 13150 1979-1980 14184 7.9 
South Platte River below Elevenmile Canyon 
Reservoir 37144 1929-1930
1,2 109921 195.9 
     
1 Period prior to construction of Elevenmile Canyon Reservoir    
2 Reservoirs active within watershed during period     
 
Table 4.7.  Observed and modeled stream baseflow conditions for selected gages in the 
South Park basin. 
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The high elevation gages of the Middle and South Forks of the South Platte River 
are particularly well represented by the model, with modeled baseflow within 8% of the 
observed values.  Both of these watersheds share similar proportions of HU1 (crystalline 
aquifer) and HU2 (Paleozoic sedimentary aquitards), and the modeled baseflow supports 
the ratio between assigned recharge and hydraulic conductivity.  The extent of discharge 
zones further suggests that the Middle and South Forks are perennial to elevations of 
3450-3550 m and 3300-3400 m, respectively.  The other high elevation gage, Tarryall 
Creek at Upper Station, is under-predicted by 29%.  The model performance in this area 
is not as ideal as at the other two high elevation gages.  This watershed encompasses HUs 
1, 2, 3, and 4 and also contains the Tertiary Boreas Stock (fig. 4.7).  This watershed likely 
also contains the South Park fault, and the stratigraphy and geologic structures are much 
more complex than was represented in map unit or HU delineation (Ruleman et al., 
2011).  The “broad-brush” used in generation of the regional model may be too broad to 
effectively recreate the hydrogeologic behavior on the scale of the Tarryall Creek 
watershed above this gage position, and hydraulic conductivity assignment may not be 
detailed enough to represent stream baseflow in this watershed. 
The reference model consistently over-predicts stream baseflow at the two low 
elevation gages, Tarryall Creek below Rock Creek and the South Platte River below 
Elevenmile Canyon Reservoir for the period before dam construction.  Baseflow on 
Tarryall Creek is over-predicted by 14%, while the South Platte River near the model 
boundary is over-predicted by nearly 200%.  Several attempts were made to reduce the 
modeled baseflow, including the addition of evapotranspiration to the NVL, alteration of 
the hydraulic conductivity values assigned to HUs, and changes in stream transfer 
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functions.  Adding evapotranspiration and changes in hydraulic conductivity resulted in 
far less favorable head calibration statistics at wells, while physically meaningful 
adjustments to stream transfer functions and hydraulic conductivity were found to be 
ineffective at reducing the modeled baseflow.   
The low hydraulic conductivity HU4 (Cretaceous aquitards) in contact with the 
stream bed is hypothesized to contribute to the over-prediction.  This model only 
accounts for bedrock aquifers, and as such, an assumption was made that the hydraulic 
properties associated with the bedrock HUs extended to the land surface.  This 
generalization effectively removed the quaternary tills and alluvium that may be up to 15 
m thick.  Within the NVL, these deposits often underlie streams and likely have a strong 
influence on groundwater and surface water interaction.  In the WML watersheds, these 
quaternary deposits are very limited or absent completely, and the bedrock-to-surface 
assumption is more realistic than for the NVL.  Within the NVL, the length of Tarryall 
Creek that overlies HU4 is much smaller than that of the South Platte River, which can be 
seen to run parallel to HU4 for more than 25 km along the Trout Creek tributary alone 
(fig. 4.7).  Tarryall Creek is therefore less strongly influenced by the presence of HU4 at 
the surface.  The other dominant NVL HU, HU5 (upper Cretaceous and Tertiary 
sedimentary aquifers), is more likely to be similar in hydraulic properties to the shallow 
Quaternary deposits, and stream interaction at these boundaries is more likely to be 
reasonably represented.  However, within the regional context of the model, these 
Quaternary aquifers are too thin and spatially inconsistent to be included in the model 
domain.  Because of the disparity over HU4, it may be unreasonable to expect realistic 
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model estimations of groundwater and surface water interaction through the main valley 
of the South Park basin. 
 
4.7   Groundwater flow dynamics of the reference model 
 The reference model was used to calculate basic water balances for the entire 
basin as well as each HLU using equation (1).  Basin-wide, more than 92% of inflow 
comes from areal recharge, while 8% comes from losing streams (fig. 4.15a).  The vast 
majority of outflow is through a combination of stream baseflow (50%) and surface 
seepage/evapotranspiration (45%) (fig. 4.15b).  Groundwater flow is generally directed 
towards the NVL where it discharges to the surface and streams, and only 4% of the 
basin’s total flow leaves the eastern boundary of the model as groundwater flow.  This 
limited groundwater flow leaving the model is mostly focused in the valleys of Tarryall 
Creek and the South Platte River (fig. 4.16).  This isn’t surprising given the relatively 
high elevations of the Puma Hills and Tarryall Mountains, which act as recharge areas 
and drive groundwater towards stream valleys within the basin. 
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Figure 4.15.  Graph showing the components of the basin-wide water balance for the 
reference model as well as for the internal hydrologic landscape units. 
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Figure 4.16.  Three-dimensional view of the reference model domain illustrating the 
relative groundwater flow magnitude of the basin-wide water balance between hydrologic 
landscape units (black lines).  Arrow size indicates the relative groundwater flow 
magnitude, while arrow color indicates the water balance component.  
 
Much internal variability exists in the distribution of flow between the HLUs.  
The higher precipitation rates of the WML result in higher total fluxes in comparison to 
the other HLUs (fig. 4.16).  Nearly 100% of the WML’s inflow is from areal recharge.  
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Local-scale groundwater flow systems appear to be dominant, and 82% of groundwater 
flow is routed to streams and seepage faces in the incised mountain valleys (fig. 4.15b, 
WML).  The remaining 18% of groundwater flow in the WML exits as mountain block 
recharge to the Paleozoic aquitards (HU2) and Pennsylvanian-Permian aquifers (HU3) in 
the main valley of South Park.  The SVL is also nearly 100% recharged through 
infiltration, and 20% of groundwater leaves the SVL through the subsurface.  The 
patterns of the surface outflows are quite different than in the WML, and a much smaller 
percentage of flow is lost to seepage/evapotranspiration (5% compared to 64%) (fig. 
4.16).  The high permeability of the volcanic aquifers and lower recharge rates result in a 
deeper water table.  This, in combination with the reduced topographic incision, leads to 
less interaction between the land surface and the groundwater flow system away from 
streams than occurs in the WML.   
For the EML and NVL, equation (1) was modified to include groundwater fluxes 
into the HLUs.  Groundwater flow leaving the higher-elevation HLUs is the main source 
of flow into the NVL, estimated to be 63% of its incoming water budget.  No areal 
recharge was modeled for the NVL.  Because of the low precipitation rates and high 
potential ET on the valley floor, precipitation that does fall is assumed to evaporate 
before reaching the water table.  Focused recharge through losing streams accounts for 
35% of the inflow in the valley, and these losing reaches are mostly focused in the 
Cretaceous and Tertiary aquifers of HU5.  Flow predominantly leaves the NVL through 
stream baseflow, and gaining stream reaches are particularly prominent where streams 
pass over the shales of HU4.  The percentage of stream baseflow from the NVL is likely 
over-predicted for the same reasons that the modeled stream discharge on the South 
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Platte River exceeds the observed gage data.  The groundwater flow direction is mostly 
sub-parallel to the boundary between the EML and NVL, and the groundwater flow into 
the EML is limited to 9% of the NVL’s overall budget and mostly occurs in the 
immediate area surrounding Tarryall Creek and the South Platte River channels (fig. 
4.16).  Most of the EML’s recharge comes from infiltration, and the incision of streams 
results in mostly gaining reaches, where 68% of the EML’s water budget is discharged.  
17% of the EML’s flow leaves the model through the eastern boundary as groundwater, 
and most of this flow is focused below the stream valleys.  
While the majority of recharge entering the basin is lost through seepage and 
evapotranspiration or routed to the South Platte River and Tarryall Creek, internal 
exchanges of groundwater flow between the landscapes are an important part of the basin 
dynamic.  These exchanges make notable contributions to the valley from high elevation 
regions, a process known as mountain block recharge (Wilson and Guan, 2004).  The 
relative distribution of groundwater flow with depth was examined by sampling the 
magnitude of fluid flux through the nodes at boundaries between the different HLUs and 
at the eastern boundary of the model.  Across all boundaries, the majority of flow is 
focused in the upper 1 km and circulates in local and intermediate flow systems (figs. 
4.17 and 4.18).  The flow driven from the lower elevation EML and SVL to the NVL is 
generally similar in distribution, with some variability related to changes in permeability 
structure at depth.  In both cases shallow flow is strongly dominant, and only 17% (EML) 
and 7 % (SVL) of the flow circulates at depths greater than 1 km, where the modeled 
power law decay in hydraulic conductivity begins.  The groundwater driven out of the 
high terrain of the WML circulates more deeply (fig. 4.18).  72% of the flow in the WML 
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is focused in the upper 1 km, and a substantial amount of flow reaches the valley through 
intermediate-scale mountain block recharge.  However, less than 10% of the total flux 
passes below 2 km in depth, and a minimal amount of groundwater recharged to the 
WML appears to pass through the model as underflow to the eastern boundary.  The vast 
majority of flow paths originating in the WML lead to discharge locations at internal 
streams and seeps in the South Park basin (fig. 4.17). 
The sedimentary aquifers in the main valley of South Park are recharged through 
a combination of infiltration, mountain block recharge, and focused recharge from losing 
streams.  The Pennsylvanian-Permian aquifers (HU3) are primarily recharged through 
infiltration and subsurface groundwater flow.  Infiltration-based areal recharge within the 
WML contributes to the northern parts of the aquifers (fig. 4.16).  These aquifers also 
coincide with zones of direct mountain block recharge, and some flow is driven through 
the Paleozoic aquitards to the west.  Streams that overlie these aquifers are primarily 
gaining and act as discharge locations.  In contrast, the Cretaceous and Tertiary aquifers 
(HU5) are mostly recharged through losing streams.  The low-permeability Cretaceous 
shales limit groundwater flow from the western mountains, and stream flow is the most 
prominent source of water in these aquifers.  Some groundwater flow across the Elkhorn 
fault is likely to recharge the eastern part of these aquifers near the center of the basin, 
but hydraulic head gradients run parallel to the fault along much of the trace (fig. 4.13).  
Total flow across the EML boundary is small compared to the losing stream contributions 
(fig. 4.16).
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Figure 4.18.  Graph showing the regional cumulative groundwater flow with depth 
relative to the land surface contributing to the northern valley landscape (NVL) for the 
internal boundaries between hydrologic landscapes in the reference model. (WML, 
western mountain landscape; EML, eastern mountain landscape; SVL, southern volcanic 
landscape). 
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4.8  Recharge heterogeneity 
4.8.1 Approach 
One of the objectives of this model was to evaluate the impact of increasingly 
complex distributions of areal recharge on the groundwater flow system.  Recharge 
magnitude, distribution, and rate vary within each HLU as a function of precipitation, 
temperature, infiltration capacity, and vegetation change.   
As previously discussed, areal recharge in the reference model was uniformly 
applied to each HLU as a percentage of average annual precipitation from PRISM.  The 
NVL, as an exception, received no areal recharge under the assumption that any 
precipitation that does reach this HLU is consumed by evapotranspiration before reaching 
the water table.  Two increasingly heterogeneous recharge distributions were tested (fig. 
4.19).  In recharge scenario 1, each HLU was subdivided on the basis of elevation and 
vegetation distribution.  Forested areas were separated from grassland regions using 1-m 
resolution National Agricultural Imagery Program natural color aerial orthophotography 
(U.S. Farm Service Agency, 2005).  Average precipitation for each subunit was 
normalized from PRISM using equation (10).  In recharge scenario 2, the grid cells from 
PRISM were used at their native resolution of 3 km to define average precipitation rates 
(fig. 4.19).  Recharge-to-precipitation ratios established for each HLU during the 
calibration of the reference model were used to calculate the recharge rate of each subunit 
(in scenario 1) and grid cell (in scenario 2).  The NVL still received no areal recharge 
under either of these scenarios. Using this approach, the total areal recharge volume 
within each HLU remained constant between the reference model and all scenarios. 
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 Figure 4.19.  Map of the groundwater flow model domain showing the different recharge 
distribution scenarios.  The main HLU boundaries were used for the reference model, 
while the subunits show the regions used in recharge scenario 1 and the native PRISM 
cell resolution was used for recharge scenario 2. 
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Several model output parameters were used to evaluate the impact of increasingly 
heterogeneous recharge distribution on the reference model.  Modeled stream baseflow at 
gage locations and water table elevations below summits were evaluated in a similar 
manner to reference model calibration.  However, instead of comparing the recharge 
scenario models to field data, the reference model results provided the foundation for 
evaluation.  Water balances and the distribution of flow in depth across landscape 
boundaries were also similarly calculated and compared to the reference model results.   
Modeled hydraulic head values at the high-confidence well locations used during 
reference model calibration were found to be relatively insensitive to changing model 
parameters, including areal recharge rates away from the NVL.  Evaluating the recharge 
scenario models against the observed hydraulic head data provides little insight into 
changes in head distribution in the mountainous parts of the basin.  To better evaluate 
changes in hydraulic head throughout the domain, a distributed set of model locations 
was used to monitor changes between the reference model and the recharge scenarios.  A 
field of 736 nodes was generated with regular 2-km spacing between nodes.  All 
hydraulic head evaluation nodes were at least 2 km from the model perimeter to avoid 
influencing the analysis with model edge effects from the assigned boundary conditions.   
These evaluation nodes provided an evenly distributed set of model values that is not 
spatially biased towards the valley landscape. 
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4.8.2 Results 
Increasingly heterogeneous recharge distributions most heavily impacted the 
groundwater flow at the local scale, while basin-wide regional flow remained relatively 
insensitive to the increasing complexity.  This result is not unexpected.  In the 
mountainous parts of the model where PRISM-estimated precipitation rates vary the 
most, the majority of areal recharge entering the model is discharged in local flow 
systems within the watersheds of 1st and 2nd order streams.  While some groundwater 
flow bypasses these local discharge points, the recharge area that these larger scale flow 
systems intersect is much more limited, and the bigger flow system remained somewhat 
insulated from spatial variability in recharge rates. 
The water table configuration in high elevation regions was one of the most notably 
impacted model outcomes.  Recharge scenarios 1 and 2 increasingly honor the orographic 
and elevation-based PRISM estimates, and areal recharge became focused towards the 
high elevation parts of the model.  As a result, water table elevations rose under most 
summits as the recharge distribution became more complex (table 4.6).  Scatter plots 
from the evenly distributed hydraulic head evaluation nodes show that the majority of the 
sampled nodes experienced little change as a result of changing recharge distribution, and 
the median residual between the reference and each scenario was less than 0.1 m (fig. 
4.20).  Both scenarios show that low elevation parts of the model had small decreases in 
water table elevations as areal recharge became focused towards the mountains, and high 
elevation areas almost exclusively saw rises in the water table.  Higher water tables and 
fixed stream geomorphology resulted in higher hydraulic gradients, particularly within 
steep terrain of the WML. 
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Fluctuations in stream baseflow exemplify the local-scale impact of changing 
recharge distribution (table 4.8).  The increased hydraulic gradients resulting from 
elevated water tables under high elevation terrain forced increased flow to some streams.  
Baseflow contributions to the Tarryall Creek watershed showed the largest changes in 
both scenarios.  PRISM estimated precipitation rates are highest in the northern parts of 
the WML that lie within this watershed, and the Kenosha and Tarryall Mountains in the 
east also have elevated precipitation rates in comparison to the remainder of the EML.  
This focusing of recharge into the northern part of the model resulted in higher relative 
change in stream baseflow that was maintained to the eastern edge of the model.  The 
South Platte watershed saw more mixed results in stream baseflow change.  The high 
elevation tributaries to the north experienced notable increases in baseflow, such as in the 
Middle Fork of the South Platte River, but the watershed as a whole showed little overall 
response to the change in recharge distribution.   
It does not appear that the increased hydraulic gradients under the recharge scenarios 
were substantial enough to drive a notable amount of flow greater depths.  Essentially no 
change was seen in groundwater flux with depth at the HLU boundaries. The overall 
water balance was not strongly impacted by changing the recharge distribution.  The 
contributions of the individual water balance components remained similar in both the 
basin-wide and HLU-specific balances (table 4.9), and most components varied less than 
2% from the reference model under the recharge scenarios.   
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Flow component Basin total WML NVL SVL EML 
Reference model      
Inflows      
Infiltration 90.7 99.3 0.0 94.9 81.0 
Surface water 9.3 0.7 35.1 0.2 7.7 
Ground water 0.0 0.0 64.9 4.9 11.3 
      
Outflows      
Groundwater 3.9 17.3 9.3 20.7 19.2 
Surface water 49.1 18.5 62.8 74.7 63.3 
Seepage to surface 47.0 64.2 27.9 4.7 17.5 
      
Recharge scenario 1     
Inflows      
Infiltration 90.5 99.3 0.0 95.3 80.5 
Surface water 9.5 0.7 35.4 0.2 8.0 
Ground water 0.0 0.0 64.6 4.6 11.5 
      
Outflows      
Groundwater 4.1 17.8 9.1 21.2 20.1 
Surface water 48.4 17.4 67.0 74.5 65.7 
Seepage to surface 47.4 64.8 23.9 4.3 14.2 
      
Recharge scenario 2     
Inflows      
Infiltration 90.7 99.4 0.0 95.6 80.5 
Surface water 9.3 0.6 35.5 0.2 7.9 
Ground water 0.0 0.0 64.5 4.2 11.6 
      
Outflows      
Groundwater 4.2 17.1 9.2 21.5 20.1 
Surface water 47.4 16.5 61.9 74.1 64.6 
Seepage to surface 48.4 66.4 28.9 4.3 15.3 
 
 
Table 4.9.  Table quantifying the limited impact of changing recharge distribution on 
internal and basin-wide water balances in the groundwater flow model.  (EML, eastern 
mountain landscape; NVL, northern valley landscape; SVL, southern volcanic landscape; 
WML, western mountain landscape). 
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4.9 Permeability heterogeneity in fault zones
4.9.1 Approach 
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4.9.2 Results 
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WKHIDXOW]RQH+8UHPDLQVDFRQVWDQWFRQGXFWLYLW\ZLWKGHSWK$VDUHVXOWWKH
FRQGXFWLYLW\FRQWUDVWEHWZHHQWKHVXUURXQGLQJDTXLIHUVDQGWKHIDXOW]RQH+8LQFUHDVHV
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VXUURXQGLQJ+8VKDYHORZK\GUDXOLFFRQGXFWLYLWLHVZKHQFRPSDUHGWRWKH\DQG]
GLUHFWLRQVRIWKHFRQGXFWLYLW\WHQVRU
  
Figure 4.22.0DSVVKRZLQJWKHFKDQJHLQK\GUDXOLFKHDGEHWZHHQDEFWKHIDXOW
VFHQDULRVDQGGWKHRULJLQDOGLVWULEXWLRQRIK\GUDXOLFKHDGLQWKHUHIHUHQFHPRGHOQHDU
WKHPRGHOHG(ONKRUQIDXOW]RQHLQPRGHOOD\HU$UURZVLQGLFDWHPDMRUJURXQGZDWHU
IORZGLUHFWLRQV7KHWKLQZKLWHOLQHGHQRWHVWKHORFDOVXUIDFHZDWHUGLYLGH%ODFNOLQHV
VKRZWKHVHFWLRQVDFURVVZKLFKK\GUDXOLFJUDGLHQWVZHUHWDNHQWDEOH
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&KDQJHVLQK\GUDXOLFKHDGDQGJUDGLHQWVVXUURXQGLQJWKHPRGHOHGIDXOW]RQHZHUH
QRWDEO\VHQVLWLYHWRWKHPRGHOHGIDXOWVFHQDULRV$VPLJKWEHH[SHFWHGK\GUDXOLFKHDGLQ
WKHUHJLRQVXUURXQGLQJWKHIDXOW]RQHGHFOLQHGLQIDXOWVFHQDULRDQGURVHLQIDXOW
VFHQDULRZKLOHIDXOWVFHQDULRUHVXOWHGLQHVVHQWLDOO\QRFKDQJHLQK\GUDXOLFKHDG
WKURXJKRXWWKHPDMRULW\RIWKHIDXOW]RQHILJ7KHFRQGXLWIDXOWVFHQDULRZDVWKH
PRVWLQIOXHQWLDOZKHUHFKDQJHVLQKHDGZHUHQHDUO\GRXEOHWKDWRIWKHEDUULHUIDXOW
VFHQDULR&RUUHVSRQGLQJWRWKHVHFKDQJHVLQKHDGWKHK\GUDXOLFJUDGLHQWXQGHUWKH
FRQGXLWVFHQDULRXQLYHUVDOO\GHFOLQHGZLWKWKHODUJHVWGHFUHDVHLQWKHFHQWUDOVHJPHQWRI
WKHIDXOWZKHUHIORZGLUHFWLRQVDUHGRPLQDQWO\FURVVIDXOWILJDWDEOH,QWKH
EDUULHUVFHQDULRK\GUDXOLFKHDGURVHXQGHUWKHLQIOXHQFHRIWKHORZFRQGXFWLYLW\IDXOW
]RQHLQFUHDVLQJK\GUDXOLFJUDGLHQWVDFURVVWKHVLWHILJE,QWKHFRPELQHGFRQGXLW
EDUULHUVFHQDULRK\GUDXOLFKHDGZDVUHODWLYHO\XQDIIHFWHGE\WKHSUHVHQFHRIWKH
DQLVRWURSLF]RQHILJF7KHOLPLWLQJFRQGXFWLYLW\DFURVVWKHIDXOWOLNHO\PDLQWDLQHG
KLJKHUK\GUDXOLFKHDGZKLOHWKHSUHIHUHQWLDOIORZYHUWLFDOO\DQGODWHUDOO\WRWKHIDXOW
SUHYHQWHGZDWHUOHYHOVIURPULVLQJKLJKHUWKDQWKRVHVHHQLQWKHUHIHUHQFHPRGHO7KH
JRRGQHVVRIILWVWDWLVWLFVFRPSDULQJWKHPRGHOSHUIRUPDQFHWRPHDVXUHGK\GUDXOLFKHDG
GDWDZHUHQRWVWURQJO\LQIOXHQFHGE\WKHORFDOFKDQJHVLQK\GUDXOLFKHDGWDEOHDQG
WKHDYDLODEOHFDOLEUDWLRQGDWDGRQRWLQGLFDWHLIDQ\RIWKHVHIDXOWVFHQDULRVDUHPRUH
UHSUHVHQWDWLYHRIWKHDFWXDOUHJLRQDOK\GURJHRORJLFEHKDYLRURIWKH(ONKRUQIDXOW
  

Reference 
model Fault scenario 1 Fault scenario 2 Fault scenario 3 
Section Hydraulic gradient 
Hydraulic 
gradient 
Percent
difference
Hydraulic 
gradient 
Percent
difference
Hydraulic 
gradient 
Percent
difference
       
A-A’ ( (  (  ( 
B-B’ ( (  (  ( 
C-C’ ( (  (  ( 
Table 4.11.&RPSDULVRQRIK\GUDXOLFJUDGLHQWVPRGHOHGDFURVVWKH(ONKRUQIDXOWEHWZHHQ
WKHUHIHUHQFHPRGHODQGWKUHHVFHQDULRVUHSUHVHQWLQJSRVVLEOHIDXOW]RQHK\GURJHRORJLF
EHKDYLRUVFRQGXLWEDUULHUDQGFRPELQHGFRQGXLWEDUULHU6HFWLRQORFDWLRQV
DUHVKRZQLQILJXUH3RVLWLYHJUDGLHQWVLQGLFDWHZHVWZDUGJURXQGZDWHUIORZ



Model NRMSE r2
  
)DXOWVFHQDULR  
)DXOWVFHQDULR  
)DXOWVFHQDULR  

Table 4.12.*RRGQHVVRIILWVWDWLVWLFVHYDOXDWLQJWKHSHUIRUPDQFHRIHDFKPRGHOHGIDXOW
VFHQDULRDJDLQVWPHDVXUHGK\GUDXOLFKHDGLQZHOOV


Model  
Total modeled 
discharge to 
constant head 
boundaries 
(m3/d)
Percent
difference 
Modeled
discharge to 
fens near 
Elkhorn fault 
zone (m3/d)
Percent
difference 
5HIHUHQFH    
    
)DXOWVFHQDULR    
)DXOWVFHQDULR    
)DXOWVFHQDULR    

Table 4.13.&RPSDULVRQRIJURXQGZDWHUGLVFKDUJHWRORFDOIHQVDORQJWKHQRUWKHUQ
VHJPHQWRIWKHPRGHOHG(ONKRUQIDXOW]RQHEHWZHHQWKHUHIHUHQFHPRGHODQGWKUHH
VFHQDULRVUHSUHVHQWLQJSRVVLEOHIDXOW]RQHK\GURJHRORJLFEHKDYLRUVFRQGXLW
EDUULHUDQGFRPELQHGFRQGXLWEDUULHU

  
&KDQJHVLQK\GUDXOLFKHDGIRUDOOIDXOWVFHQDULRVZHUHIRFXVHGLQWKHKDQJLQJZDOO
RIWKHFHQWUDOVHJPHQWRIWKHIDXOWZKHUHIORZGLUHFWLRQVDUHGRPLQDQWO\RULHQWHG
SHUSHQGLFXODUWRWKHIDXOW7RZDUGVWKHHQGVRIWKHPRGHOHGIDXOW]RQHWKHIORZ
GLUHFWLRQVWHQGWREHPRUHREOLTXHRUVXESDUDOOHOWRWKHIDXOWDQGSHUPHDELOLW\RIWKHIDXOW
]RQHEHFRPHVOHVVLQIOXHQWLDOWRK\GUDXOLFKHDG+\GUDXOLFKHDGDORQJWKHHQGVRIWKH
PRGHOHGIDXOW]RQHLVDOVRPRUHVWURQJO\UHJXODWHGE\QHDUE\ERXQGDU\FRQGLWLRQVVHW
DORQJVXUIDFHZDWHUIHDWXUHV7KLVLVSDUWLFXODUO\WUXHDORQJWKHQRUWKHUQVHJPHQWRIWKH
IDXOW]RQHZKHUHWKHWULEXWDULHVDQGIHQVRI7DUU\DOO&UHHNLQWHUVHFWWKHIDXOW]RQH
1HDUE\FRQVWUDLQHGFRQVWDQWKHDGDQGIOXLGWUDQVIHUERXQGDU\FRQGLWLRQVHQIRUFH
K\GUDXOLFKHDGOHYHOVLQWKHUHJLRQUHQGHULQJWKHK\GUDXOLFKHDGDQGK\GUDXOLFJUDGLHQWV
LQWKHPRGHOUHODWLYHO\LQVHQVLWLYHWRFKDQJHVLQIDXOW]RQHFRQGXFWLYLW\LQWKHLPPHGLDWH
YLFLQLW\
%RXQGDU\FRQGLWLRQVDOVRFUHDWHUHFKDUJHDQGGLVFKDUJHORFDWLRQVDQGIDXOW]RQH
FRQGXFWLYLW\DSSHDUVWRORFDOO\LQIOXHQFHWKHUHFKDUJHRUGLVFKDUJHWRWKHPRGHOVXUIDFH
1HDUWKHQRUWKHUQVHJPHQWRIWKHIDXOWWUDFHFRQVWUDLQHGFRQVWDQWKHDGDQGIOXLGWUDQVIHU
ERXQGDU\FRQGLWLRQVDUHLQSODFHWRDOORZLQWHUDFWLRQEHWZHHQWKHJURXQGZDWHUIORZ
V\VWHPDQG7DUU\DOO&UHHN¶VWULEXWDULHVDQGIHQV7KHVHVXUIDFHZDWHUERGLHVORFDOO\DFW
DVGLVFKDUJHORFDWLRQV:KLOHEDVLQZLGHWKHLQIOXHQFHRIWKHIDXOWVFHQDULRVKDGD
QHJOLJLEOHLPSDFWRQWKHZDWHUEDODQFHOHVVWKDQFKDQJHLQDQ\FRPSRQHQWXQGHUDOO
IDXOWVFHQDULRVWKHPDJQLWXGHRIORFDOJURXQGZDWHUGLVFKDUJHWRWKHVHVXUIDFHZDWHU
IHDWXUHVZDVQRWDEO\LPSDFWHGE\WKHVLPXODWHGIDXOW]RQHVWDEOH7KHLQWURGXFWLRQ
RIWKHFRQGXLWLQIDXOWVFHQDULRLQFUHDVHGORFDOGLVFKDUJHWRWKHIHQVQHDU7DUU\DOO&UHHN
E\WKHEDUULHULQIDXOWVFHQDULRUHGXFHGGLVFKDUJHWRWKHIHQE\7KHVH
results indicate that fault zone permeability may play an important role in the 
development of wetlands. 
 
 
4.10   Conclusions and implications 
The geologic complexity of South Park is one of its most prominent 
heterogeneities.  Five cross sections of major geologic units and structures were drawn to 
aid in the development of a 3D geologic model capturing the major stratigraphic and 
structural features of the basin.  The 3D geologic model was further simplified into major 
hydrostratigraphic units to facilitate modeling.  Five main aquifers and two extensive 
aquitards were identified within a fold and thrust belt.  Five major faults exist in various 
positions throughout the basin. 
The groundwater flow model provided insight into the groundwater flow patterns 
of the South Park basin.  The majority of groundwater circulation, particularly in the 
mountainous parts of the basin, occurs in local-scale flow systems.  These local flow 
systems have short travel paths, limited circulation depth, and short residence times. 
Seepage faces are common, and first-order stream are expected to remain perennial at 
elevations exceeding 3500 m.   
Mountain block recharge was found to be an important part of the basin dynamic.  
These exchanges make particularly notable contributions to South Park’s main valley 
from the western Mosquito Range.  The majority of mountain block recharge is focused 
in the upper 1 km and circulates through local and intermediate scale flow systems.  Less 
than 10% of the total flux passes below 2 km in depth, and the majority of groundwater 
discharges to streams within the basin.  
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Permeability structure is a controlling factor in the recharge processes for the 
major aquifers.  Fractured rock aquifers receive mostly areal, infiltration-based recharge 
in mountainous parts of the basin.  The sedimentary aquifers in the main valley of South 
Park are recharged through a combination of infiltration, mountain block recharge, and 
focused recharge from losing streams.  The Pennsylvanian-Permian aquifers, consisting 
of the Maroon and Garo Formations, are primarily recharged through infiltration and 
mountain block recharge from the west.  Streams that overlie these aquifers are primarily 
gaining and act as discharge locations.  In contrast, the Cretaceous and Tertiary aquifers 
of the South Park Formation are mostly recharged through losing streams.  The low-
permeability Cretaceous shales limit groundwater flow from the west, and stream flow is 
the most prominent source of water in these aquifers.  Some groundwater flow from the 
east across the Elkhorn fault is likely to recharge these aquifers near the central part of 
the basin, but this contribution is small compared to that of losing streams. 
The aquifers of South Park may respond differently to external forcing on the hydrologic 
system.  Increasing temperatures have been predicted to reduce stream flows in 
mountainous terrains over the next century (Hay et al., 2011).  The Cretaceous and 
Tertiary aquifers of the main valley may be more sensitive to this reduction because of 
the degree to which they rely on focused recharge from streams.  The fractured rock and 
Paleozoic aquifers are predominantly recharged through infiltration and mountain-block 
recharge, and groundwater flow patterns are likely to be less strongly influenced by 
alterations in stream flow. Groundwater flow entering the Pennsylvanian-Permian 
aquifers through the mountain block may provide some insulation from short-term 
changes in total areal recharge or focused recharge from streams.   
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Increasingly heterogeneous recharge distributions most heavily impacted the 
groundwater flow dynamics at the local scale.  Groundwater contributions to streams and 
the depth of circulation in the upper 200 m both showed some sensitivity to alterations in 
recharge distribution at the scale of local flow in low-order stream watersheds.  These 
local-scale flow impacts can propagate into basin-wide impacts, such as in the baseflow 
contributions estimated for Tarryall Creek.  However, in the basin-wide context of 
groundwater flow in the South Park basin, the overall patterns of the groundwater flow 
system were relatively unaffected by increasing heterogeneity in recharge distribution.  
When regional, basin-wide processes are being considered, such as mountain block 
recharge processes, models that assume uniformly distributed areal recharge are unlikely 
to suffer from such heterogeneity.   
The hydrogeologic behavior of the Elkhorn fault zone may impart local hydraulic 
heterogeneity in the groundwater flow system, while the regional flow patterns and basin-
wide water balance remained relatively unaffected by the modeled fault scenarios.  
Hydraulic head and gradients were locally affected by the introduction of conduit and 
barrier types of fault zones, particularly where groundwater flow directions are 
perpendicular to the orientation of the fault.  However, where groundwater flow 
directions are oblique or subparallel to the fault, the fault zone’s hydrogeologic behavior 
becomes less influential to groundwater flow.  An anisotropic combined conduit-barrier 
fault zone had minimal impacts on hydraulic head or gradients.  Local changes in flow 
direction and velocity were seen under the different fault scenarios and could be 
significant if considering local transport problems or groundwater ages near the fault.  
Where surface water bodies are in close proximity to the fault zone, the degree of 
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groundwater and surface water interaction could be strongly influenced by the 
hydrogeologic behavior of the fault zone. 
 
4.10.   Recommendations for future work 
The performance of the flow model could be improved with additional data.  An 
improved understanding of the model permeability structure could potentially impact the 
patterns of groundwater flow.  Field-based estimates of the permeability and permeability 
heterogeneity in the Cretaceous shales would be particularly insightful.  If the shale is 
more hydrologically conductive than considered here, the processes recharging the Upper 
Cretaceous and Tertiary aquifers could be altered.  The geometry of hydrologic units 
could also be improved through additional exploration.  Two prominent features in the 
cross sections were widely unconstrained: (1) the shape of the crystalline basement below 
the Thirtynine Mile Volcanic Field and (2) the continuity of the Paleozoic sedimentary 
section through the fold and thrust belt.  Because of the depth of these features, the most 
reasonable approach for supplementing the existing data may be collection of a few 
magnetotelluric sections.  A magnetotelluric survey would help define the electrical 
resistivity structure of the full vertical extent of the model domain, and the contacts 
between the crystalline basement and overlying sedimentary and volcanic units are likely 
to possess measurable electrical contrasts.  The geology below the Thirtynine Mile 
Volcanic Field could be of particular hydrogeologic interest because it may impact the 
aquifer structure in the upper few hundred meters.  Further exploration of the deep 
geometry of the Paleozoic section below 2 km depth would be less hydrogeologically 
significant, as a minimal percentage of flow occurs at these depths.  However, an 
  204  
  
LPSURYHGXQGHUVWDQGLQJRIWKH3DOHR]RLFVHFWLRQFRXOGEHVLJQLILFDQWWRWKHJHRORJLF
LQWHUSUHWDWLRQRIWKHEDVLQ¶VGHYHORSPHQWDSS$
$GGLWLRQDOILHOGREVHUYDWLRQVZRXOGJUHDWO\EHQHILWHYDOXDWLRQRIWKHPRGHOUHVXOWV
+\GUDXOLFKHDGREVHUYDWLRQVLQWKHKLJKHOHYDWLRQWHUUDLQZRXOGEHH[WUHPHO\EHQHILFLDO
WRHVWDEOLVKLQJWKHDSSURSULDWHZDWHUWDEOHGHSWKV+RZHYHUZHOOLQVWDOODWLRQLVFRVWO\
DQGWKHUHDUHVXEVWDQWLDOORJLVWLFDOREVWDFOHVWRLQVWDOOLQJGHHSZHOOVLQWKHPRXQWDLQV
2WKHUOHVVH[SHQVLYHGDWDVHWVZRXOGDOVREHEHQHILFLDOWRHYDOXDWLQJWKHUHVXOWVRIWKH
PRGHO)LHOGGDWDFKDUDFWHUL]LQJVXUIDFHZDWHUDQGJURXQGZDWHULQWHUDFWLRQVXFKDV
VWUHDPWUDFHUGLOXWLRQVWXGLHVDQGVHHSDJHUXQVFRXOGEHFRPSOHWHGWRFRQILUPJDLQLQJ
VWUHDPUHDFKHVLGHQWLILHGLQWKHPRGHOUHVXOWV7KHHVWLPDWLRQRIJURXQGZDWHUDJHVFRXOG
DOVREHXVHIXOWRHYDOXDWLQJWKHGHSWKGLVWULEXWLRQRIIORZDQGPRXQWDLQEORFNUHFKDUJH
HVWLPDWHV
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APPENDIX  4A 
 
GEOLOGIC MODEL AND CROSS SECTION DEVELOPMENT FOR THE SOUTH 
PARK BASIN 
The following sections describe the geologic history and cross section 
development used to create the 3-D geology and permeability structure of the South Park 
basin groundwater flow model.    
 
4A.1   A brief geologic history of the South Park basin 
Precambrian granite and gneiss compose the basement rocks of the South Park 
basin and are near the surface or exposed along the perimeter of the basin.  Granitic 
batholiths have been identified from two major intrusive events dated at 1.7 and 1.4 Ga 
(Ruleman et al., 2011) (fig. 4.6).  The batholiths were emplaced within metasedimentary, 
Proterozoic-aged gneiss and schist, indicating that a period of sedimentary deposition 
existed at some time prior to intrusion.  The erosional period marked by the Great 
Unconformity has left a gap in the geologic record that extends to the Paleozoic era.   
The sedimentary rock record of South Park spans the early Paleozoic to late 
Cenozoic, and multiple periods of volcanism and significant deformation are evident.  
Beginning in the Cambrian and extending through the Mississippian period, the area 
likely oscillated between marine and terrestrial environments, resulting in the deposition 
of interbedded quartzite and dolomitic limestone with occasional, thin shale units.  These 
rocks are exposed in the summits and valleys of the Mosquito Range and the western 
parts of the park and include the Leadville Limestone, a prominent, massive, fine-grained 
dolomitic limestone.  The early Pennsylvanian is marked by the black marine shales of 
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the Beldon Formation that grade into the fluvial and deltaic sediments of the Minturn 
Formation, indicating a very close proximity to land.  The direction of interfingering 
facies (McGookey, 2002) suggest the presence of the Ancestral Front Range in the 
eastern portion of present-day South Park, while the depositional environment of the 
Colorado Trough likely persisted in the west.  Evaporite deposits in the upper portions of 
the Minturn Formation suggest that playa conditions existed in the modern southwestern 
part of the basin at this time.  The overlying fluvial sandstones, shales, and conglomerates 
of the Maroon Formation may provide further evidence of the proximity of South Park to 
the Ancestral Rockies, which had likely risen in elevation to form a steep, high erosional 
energy environment during the late Pennsylvanian or early Permian periods.  Overlying 
the Maroon Formation, the cross-bedded sandstone of the Garo Formation indicates the 
transition to an eolian environment.  Overlying the Garo, the Morrison Formation locally 
contains freshwater fossils of late Jurassic age and indicates a near-shore lake 
environment (Stark et al., 1949).  The Dakota sandstone indicates the initial submergence 
of this area into the Cretaceous Western Interior Seaway during the early Cretaceous.  As 
the seaway persisted in South Park, more than 2 km of shale and limestone were 
deposited, including the Benton, Niobrara, and Pierre Formations.  As the Sawatch Range 
began to gain elevation during the Laramide orogeny to the west, the Pierre Shale 
deposition prograded into the Fox Hills beach sandstone and Laramie non-marine 
sediments in the late Cretaceous.  The lower South Park Formation provides further 
evidence of the rise of the Sawatch Range.  Cambrian to Mississippian quartzite and 
dolomite cobbles that compose the lower South Park Formation are indicative of a high 
energy environment to the west.  Volcanism during the late Cretaceous and early Tertiary 
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periods contributed layers of flow breccia, tuff, and andesite within the lower and middle 
portions of the South Park formation.  The arkosic composition of the upper South Park 
Formation indicates a late-Laramide exposure of granitic rocks through movement along 
the Elkhorn fault in the eastern part of the modern basin.  Throughout the Laramide, it is 
conceptualized that compressive stress acting on the region resulted in the development 
of a major syncline, folding, and reverse faulting of the sedimentary package that 
dominates the character of the basin’s structure today.  The Elkhorn is likely to be one of 
the youngest Laramide structures in the basin, and movement likely proceeded until at 
least around 60 Ma based on the extent of South Park formation overridden in the 
footwall.   
Eruption of the Thirtynine-Mile Volcanic Field (TMVF) in the late Eocene epoch 
deposited extensive andesite, ash-fall tuff, and flow breccia throughout the southeastern 
part of the basin.  These volcanic deposits likely created high topography and the 
southern divide of the present-day South Park basin.  This young divide lead to the 
development of lakes throughout southern South Park and the deposition of the 
tuffaceous lacustrine Antero Formation.  Epis and Chapin (1968) suggest that the extent 
of the TMVF is indicative of the region being erosionally leveled prior to eruption, 
leaving a relatively flat-lying area with few obstacles to ash flows.  Ruleman and 
Bohannon (2011) describe deposits of Wall Mountain Tuff and the Antero Formation, 
associated with the eruption of the TMVF, on both sides of the Elkhorn fault, further 
supporting the concept that the area was relatively level post-Laramide but prior to the 
eruption.   
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Quaternary glaciation and modern erosion has left a series of terrace and moraine 
deposits.  Well-preserved moraines and glacial till deposits are prevalent in the valleys of 
the Mosquito Range (Ruleman and Bohannon, 2010).  Broad outwash plains extending 
into the valley of South Park are particularly noticeable within the Tarryall Creek 
watershed.   
 
4A.2   Cross section development 
Five cross sections were developed to aid in the construction of the 3-D geologic 
model of the basin (fig 4.7).  The geologic structure of South Park, particularly below the 
first few kilometers of the land surface, is poorly constrained.  Limited oil and gas 
exploration boreholes provide some constraint in the form of stratigraphic descriptions 
and limited geophysical logs of the deeper geology.  The western mountains contain little 
borehole data, and the stratigraphy and structure of this region is mostly constrained by 
the mapped surface geology (table 4A.1) and reports in the vicinity of the London fault 
zone (Singewald and Butler, 1941; Singewald, 1942). 
The cross sections have been developed with consideration of the regional scale 
of the groundwater-flow model.  Many faults, folds, and changes in stratigraphic 
thickness occur in the basin that were not represented in the sections.  The complex 
geological features may be hydrologically significant at smaller scales and for predictive 
modeling of groundwater flow.  However, only the major faults and folds required to 
honor the stratigraphic borehole logs and major features of the mapped surface geology 
that may act as heterogeneities in the groundwater flow system were included.  The 
bedrock map (fig. 4.6, fig. 4.7) was compiled using existing geologic maps at various 
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 Map quadrangle name Scale Reference 
Alma 1:24,000 (Widmann, 2004a) 
Boreas 1:24,000 Bryant, unpublished 
Breckenridge 1:24,000 (Wallace, 2003) 
Como 1:24,000 (Widmann, 2004b) 
Eagle Rock 1:24,000 Bryant, unpublished 
Elkhorn 1:24,000 (Ruleman and Bohannon, 2008) 
Fairplay East 1:24,000 (Kirkham, 2006) 
Fairplay West 1:24,000 (Widmann, 2007) 
Garo 1:24,000 (Kirkham et al., 2007) 
Glentivar 1:24,000 (Wobus, 1976) 
Jefferson 1:24,000  
Milligan Lakes 1:24,000 (Wyant and Barker, 1976) 
Mt. Logan 1:24,000 Bryant, unpublished 
Observatory Rock 1:24,000 Bryant and Wobus, unpublished 
Sulphur Mountain 1:24,000 (Bohannon and Ruleman, 2009) 
   
Buffalo Peaks Wilderness 
Area 1:50,000 (Hedlund, 1981) 
Fairplay West, Mount 
Sherman, South Peak, and 
Jones Hill  
1:52,500 (Tweto, 1974) 
Guffey 1:52,500 (Epis et al., 1979) 
   
Bailey 1:100,000 (Ruleman et al., 2011) 
   
Denver west 1:250,000 (Bryant et al., 1981b) 
Leadville 1x2 1:250,000 (Tweto et al., 1978a) 
Leadville 1x2 1:250,000 (Day et al., 1999) 
Montrose 1x2 1:250,000 (Day et al., 1999) 
Pueblo 1:250,000 (Scott et al., 1978) 
 
Table 4A.1.  List of geologic maps and associated data used to create the cross sections 
and 3-D geologic model of the South Park basin. 
 
scales (table 4A.1). Cross sections were drawn perpendicular to the average strike of 
formation contacts and major fault traces.  These faults are roughly parallel and trend 
north to south (fig. 4.7).  Stratigraphic thicknesses were estimated from the geologic 
descriptions of oil and gas exploration boreholes, measured thicknesses from local 
geologic maps (table 4A.1) and various publications (Singewald, 1942; Stark et al., 1949; 
DeVoto, 1964; Ettinger, 1964; Sawatzky, 1964; Epis and Chapin, 1968, 1979), and 
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calculated from strike, dip, and contact data on geologic maps (fig. 4.6).   Given the 
compressional tectonic history of the region, it was assumed that all faults are reverse 
dip-slip with relatively similar magnitudes. 
 
4A.3   Forward modeling of regional potential field data 
Regional potential field data were used to provide additional constraint on the 
general shape of the sedimentary basin and on the position of major faults.  Gravity and 
magnetic field data are sensitive to the internal density distribution of the earth and the 
relative variation in magnetic mineral content, respectively.  Geological contacts that 
have large density contrasts and large relief, such as the contact between crystalline and 
sedimentary rocks, can produce measureable gravity anomalies whereas contacts between 
different sedimentary formations tend to produce less measurable anomalies.  Similarly, 
sedimentary rocks commonly have lower concentrations of magnetic minerals than 
volcanic or other crystalline rocks, and magnetic field anomalies can be useful in 
determining the variability in thicknesses of sedimentary packages over crystalline 
basement and the geometry and structure around formations with contrasting magnetic 
properties.  
Published aeromagnetic and gravity data (Oshetski and Kucks, 2000) were used 
both qualitatively and numerically through forward modeling to explore the structural 
geometry of the South Park basin.  The residual magnetic field anomaly was used to 
represent the changes in magnetic mineral content.  Oshetski and Kucks (2000) 
performed several processing steps: removal of time-varying diurnal fields, removal of 
the Earth’s primary magnetic field using the Definitive Geomagnetic Reference Field 
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appropriate for the date of the survey, and adjustments required to merge adjacent 
aeromagnetic flights.  The resulting anomaly isolates subtle variations related to geology.  
The residual isostatic gravity anomaly was used to define the gravitational impacts of 
changes in local density distribution.  The complete Bouguer anomaly accounts for the 
topography at the point of measurement and the attraction of nearby topography through 
the use of inner and outer terrain corrections (Hinze et al., 2005).  Corrections for the 
attraction of Airy-Heiskanen theory low-density roots supporting mountainous areas 
(Heiskanen and Vening Meinesz, 1958) have been applied to create the residual isostatic 
anomaly, which is the most appropriate gravity anomaly for determining the local 
variations in density structure.  
Forward models of the potential field response to various geologic scenarios at 
cross section locations were created using a combination of Oasis montaj and GM-SYS 
software (Geosoft Inc., Toronto, Canada).  For the magnetic field anomaly, observation 
elevations were defined using the 30 m resolution National Elevation Dataset (NED30) 
and shifted to the adjusted flight altitude of 304 m.  The elevations of gravity 
observations were defined as the land surface using the NED30.  Because the Bouguer 
anomaly was reduced using an average earth density of 2.67 g/cm3, the modeled density 
values are relative to 2.67g/cm3.      
The material properties (density and magnetic susceptibility) used for forward 
modeling are poorly constrained.  Crystalline rocks were generally assumed to have no 
contrast to the Bouguer-corrected average earth density and were modeled with a relative 
density of 0 g/cm3 (table 4A.2).  Magnetic susceptibility values were selected to be in the 
range of published values for similar rock types (Dobrin and Savit, 1988) and established 
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through trial and error in cross section XS2.  Some variability within the crystalline rock 
was added to attempt to capture variations in the gravity and magnetic anomalies, 
particularly where no sedimentary units are present.  Determining material properties for 
the sedimentary sequence was somewhat more difficult.  Density variability between 
major formations was estimated based mostly on rock type.  Limited data and previous 
gravity modeling efforts of the area were also used for guidance.  Neutron density logs 
from shallow water wells installed at the edge of the granite outcrop near XS2 indicate 
that the typical density range of the upper arkosic member of the South Park formation is 
between 2.3 to 2.45 g/cm3, resulting in an estimated contrast of  -0.37 to -0.22 g/cm3 
(City of Aurora, Colorado unpublished data).  Gravity modeling of the South Park basin 
was the subject of two previous dissertations.  Sabet (1966) used an average density 
contrast of -0.25 g/cm3 between the Mesozoic formations and the crystalline basement, 
based on sonic well logs taken near the town of Hartsel.  Snyder (1968) extended this 
estimated contrast to the Paleozoic formations, and further assumed that the Tertiary 
formations were less dense, contrasting with the crystalline basement by -0.55 g/cm3.  No 
direct density measurements were taken as part of these dissertations.  Snyder and Sabet’s 
contrasts are likely too large and attempts to use their values in forward modeling 
resulted in a shallow basement that violated available borehole data.  To meet the 
constraints of the available borehole data, lower density contrasts were used (table 4A.2).  
The central cross section, XS2, was chosen for the primary forward modeling 
candidate for several reasons.  It is likely that the Elkhorn fault shows maximum 
displacement near XS2, based on the concept that the granite outcrop represents the 
farthest west exposure and thus transport at this location.  The presence of several deep 
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boreholes also make XS2 the best-constrained cross section with regards to fault position.  
XS2 passes near borehole Hunt Tarryall Federal 1-17 (fig. 4.7), the only data point that 
shows a juxtaposition between the granitic hanging wall and sedimentary footwall of the 
Elkhorn fault.  The Elkhorn is the largest-displacement fault in the South Park basin, and 
the juxtaposition it creates is likely to have a large contrast in density and magnetic 
properties.  The Amoco 1-State and 1-Reinecker Ridge boreholes also constrain an offset 
in base of the Cretaceous shales, providing convincing evidence for the presence of the 
mid-valley Hayden fault.  Recent geologic mapping also provided the best-available 
strike and dip data for the region, and previously published cross sections provided initial 
ideas for the final cross section (Sterne, 2006; Ruleman et al., 2011). 
XS2 illustrates the interpretation of the potential field forward modeling in cross 
section development (fig. 4A.1).  At the far ends of the section where the granite is 
exposed at the surface, the variability in composition of the granite and the presence of 
Tertiary volcanic intrusions is assumed to be the main source of the complexity in the 
magnetic anomaly in these areas.  Good model fits were not attempted in these areas and 
this variability is assumed to be the result of bodies of gneiss and granite with differing 
composition and fracture intensity.  The strongest magnetic anomalies in the basin are 
well correlated to the mapped surface positions of the volcanic Reinecker Ridge and Link 
Springs members of the South Park formation.  In general, the South Park formation was 
modeled with an elevated magnetic susceptibility in comparison to the Mesozoic or 
Paleozoic parts of the section.  The South Park formation was deposited in the early 
Tertiary, and volcanic components are common throughout the formation, while some 
members are almost primarily volcanic in origin.  In the westernmost part of the section, 
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the broad fold of the Paleozoic section is most clearly defined by the magnetic anomaly 
high, although evidence for the fold is also seen in the gravity anomaly.  As the Paleozoic 
formations dip below the basin near the transition between the WML and NVL, the 
structure becomes less constrained.   
 
 
Figure 4A.1  Plots showing the (a) observed residual magnetic and (b) isostatic gravity 
anomalies and the (c) forward model for XS2.  Calculated forward model responses are 
shown with the observed anomalies.  Density and magnetic susceptibility values used in 
modeling are provided in table 4A.2. 
  225  
=Observed  
=Calculated 
G
ra
vi
ty
 a
no
m
al
y
(m
G
al
)  
-30.00 
-20.00 
-10.00 
0.00 
10.00 
20.00 
M
ag
ne
tic
 a
no
m
al
y
(n
T)
  
-400.00 
-200.00 
0.00 
200.00 
E
le
va
tio
n 
(k
m
)  
5.00 
0.00 
-5.00 
(a)
(b)
(c)
Match not attempted
Match not attempted
Air 
XY1 
PPm 
Ts 
Pmb 
XY2 
Tsr 
XY3 MC KJ Kpnb
Reinecker Ridge
Hayden fault
South Park fault
Elkhorn fault
0                       10 km
  


Map 
unit
Relative 
density
(g/cm3)
Magnetic 
susceptibility 
(cgs) 
Description 
7V   7HUWLDU\FRQJORPHUDWHVDQGVWRQHVLOWVWRQH
7VU   7HUWLDU\WXIIDQGHVLWHDQGVDQGVWRQH
.SQE   &UHWDFHRXVVKDOH
.-   -XUDVVLF&UHWDFHRXVVKDOHVDQGVWRQHDQGPXGVWRQH
33P   3HQQV\OYDQLDQ3HUPLDQFRQJORPHUDWHVDQGVWRQHDQGVLOWVWRQH
3PE   3HQQV\OYDQLDQVKDOHDQGVDQGVWRQH
0&   &DPEULDQ0LVVLVVLSSLDQTXDUW]LWHDQGOLPHVWRQH
;<   3URWHUR]RLFJQHLVVDQGJUDQLWH
;<   3URWHUR]RLFJQHLVVDQGJUDQLWH
;<   3URWHUR]RLFJQHLVVDQGJUDQLWH
Table 4A.2.0DJQHWLFVXVFHSWLELOLW\DQGGHQVLW\YDOXHVXVHGWRUHSUHVHQWGLIIHUHQWPDS
XQLWVGXULQJSRWHQWLDOILHOGIRUZDUGPRGHOLQJ'HQVLW\YDOXHVDUHUHODWLYHWRWKH%RXJXHU
UHGXFWLRQGHQVLW\RIJFP


3RWHQWLDOILHOGIRUZDUGPRGHOLQJZDVFULWLFDOWRWHVWLQJVWUXFWXUDOFRQFHSWVLQWKH
GHYHORSPHQWRIWKHJHRORJLFPRGHO7KHLQWHUSUHWDWLRQRIWKH+D\GHQIDXOWLVSHUKDSVWKH
PRVWVLJQLILFDQWH[DPSOH6WHUQHILUVWLQWHUSUHWHGWKH+D\GHQIDXOWDVDPDMRU
UHYHUVHIDXOWZLWKQHDUO\NPRIDORQJIDXOWGLVSODFHPHQWEULQJLQJWKH3URWHUR]RLF
EDVHPHQWWRZLWKLQNPRIWKHVXUIDFH7KLVLQWHUSUHWDWLRQLVFRQVLVWHQWZLWKWKH$PRFR
6WDWHDQG5HLQHFNHU5LGJHERUHKROHVDQGUHOLHGKHDYLO\RQWKHLQWHUSUHWDWLRQRI
LQGXVWU\VHLVPLFGDWD7REHFRQVLVWHQWZLWKWKHSRWHQWLDOILHOGGDWDWKH3DOHR]RLFVHFWLRQ
LQ;6GLIIHUVIURPWKDWRI6WHUQHILJ$7KHV\PPHWU\RIWKHPDJQHWLF
DQRPDO\RQHDFKVLGHRI5HLQHFNHU5LGJHLVQRWFRQVLVWHQWZLWKWKHLQWHUSUHWDWLRQRID
EDVHPHQWKLJKDQGIRUZDUGPRGHOVVXJJHVWWKDWDVLPLODUWKLFNQHVVRIWKH3DOHR]RLF
VHFWLRQOLNHO\H[LVWVRQHDFKVLGHRI5HLQHFNHU5LGJH$VVXPLQJVLPLODUPDJQHWLF
VXVFHSWLELOLW\LQWKHJUDQLWHWKURXJKRXWWKHEDVLQWKHV\PPHWU\RIWKHDQRPDO\UHTXLUHV
the sedimentary contact be of a similar elevation below the basin.  A large displacement 
fault in this location is not well supported by either the gravity or magnetic anomalies.  
The stratigraphic thickness of the Paleozoic section through the Hayden fault has been 
maintained, reducing the displacement to less than 2 km, close to the minimum 
displacement required by the borehole records.  This reduction of interpreted 
displacement results in a more uniform sedimentary basin depth throughout South Park 
and extends the Paleozoic section several kilometers farther east than has been drawn in 
other published cross sections (Sterne, 2006; Ruleman et al., 2011).  This change in the 
configuration of the upper Paleozoic aquifers is potentially hydrogeologically significant. 
 
4A.4   Discussion of geologic model and cross sections 
Geologic map data, previously published cross sections, and stratigraphic records 
from oil and gas boreholes have been supplemented here with potential field geophysical 
data to develop a 3-D geologic model of the South Park basin.  Generally, the summits of 
the western mountains are composed of Proterozoic crystalline basement rocks overlain 
by a section of Paleozoic sedimentary rocks (figs. 4.7 and 4A.2).  These formations show 
open folds over shallow basement that is well correlated to the strongly positive magnetic 
anomaly most clearly seen in XS1 and XS2 (figs. 4A.2a and b, 4A.3a).  North of XS2 this 
shallow basement is faulted by the London fault, which can be reasonably located by the 
repetition of the stratigraphic section at the surface (fig. 4.7).  The London fault is 
interpreted to have up to 1 km of displacement in the north, and displacement tapers off 
to the south below XS2 (table 4A.3).  Southwest of the London fault, the Weston fault 
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(sometimes referred to as the Mosquito or Mosquito-Weston fault in the literature) shares 
a similar orientation to the London fault.   
The western open fold deepens eastward into a sedimentary depression below the 
valley portion of the basin.  Within this depression, Paleozoic, Mesozoic, and Cenozoic 
formations are preserved in a thick fold and thrust belt.  The major axis of the eastern-
most syncline marks the deepest portion of the South Park basin and was interpreted to 
coincide with the north-to-south magnetic and gravity anomaly lows (figs. 4A.2 and 
4A.3).  Both anomalies become increasingly negative to the north, suggesting that the 
syncline plunges and deepens in this direction.   
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 Figure 4A.3. (a) Residual magnetic and (b) isostatic residual gravity anomalies for the 
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reference
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In the east-west direction, three major Laramide-aged west-vergent reverse faults 
cut through the fold belt:  the Hayden, South Park, and Elkhorn faults.  None of these 
faults are well documented, nor do they have outcrop surface expressions that allow 
accurate mapping of their kinematics or geometry.  For the Elkhorn fault, the maximum 
net displacement near XS2 was estimated at 4.5 km based on the stratigraphic record 
from Hunt Tarryall Federal 1-17 and the estimated stratigraphic thicknesses of the 
sedimentary section (table 4A.3).  In the central part of the basin the Elkhorn is 
interpreted to override the eastern boundary of the syncline, east of which Proterozoic 
rocks compose the remainder of the basin geology. In the northern termination of the 
syncline north of XS1, however, the Elkhorn is interpreted to splay into a series of 
smaller displacement faults within the sedimentary section, and the eastern-most extent of 
the sedimentary rocks are believed to have been deposited on the Proterozoic granites in 
the preserved eastern flank of the major syncline.  Geoelectrical data discussed in Chapter 
3 of this dissertation are consistent with this interpretation (fig. 3.3a).  The South Park 
fault is an interpreted structure that is best expressed by a thickening of the Cretaceous 
shales on the east side of Reinecker Ridge and in some borehole logs (not coincident with 
any cross sections).   The minimum displacement estimate of 400 m made by Stark 
(1949) was used to represent the structure here.  The Hayden fault, as previously 
discussed, was drawn with much less displacement than prior studies, based on insight 
from potential field modeling (table 4A.3). 
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 Fault 
Displacement (m) 
(literature 
estimates) 
Source 
Maximum 
displacement (m)  
(this study) 
Elkhorn 
fault 1000 to 4100 (Stark et al., 1949) 4500 
South 
Park fault 400 to 1800 (Stark et al., 1949) 400 
Hayden 
fault 7500 (Sterne, 2006) 1600 
London 
fault 500 to 1000 (Singewald, 1942; Stark et al., 1949) 1000 
Weston 
fault 1000 max (Stark et al., 1949) 400 
 
Table 4A.3.  Published estimates of maximum fault displacements compared to the 
maximum displacements established in my cross sections. 
 
The Paleozoic section within the syncline presents particular challenges.  Only 
two boreholes extend below the Mesozoic part of the section, and these merely confirm 
the material below the Jurassic Morrison Formation.  The Amoco 1-Reinecker Ridge 
borehole indicates that the Garo Sandstone underlies the Morrison Formation at least as 
far east as Reinecker Ridge in the central part of the basin (figs. 4.7 and 4A.2 b).  The 
Shell 1-Federal borehole describes granitic rocks below the Morrison, suggesting that, at 
least in the southeastern part of the basin near XS5, the Paleozoic section is absent (fig. 
4A.2e).  The lack of Paleozoic section exposed anywhere in the eastern part of the 
syncline, particularly in the north where the sedimentary section is likely thickest, further 
supports the interpretation of attenuation of the Paleozoic somewhere below the syncline.  
It is interpreted that, during the Pennsylvanian, crystalline basement became exposed in 
the topographic rise of the western flanks of the Ancestral Front Range in the eastern part 
of the modern-day basin.  This would have eroded away any older Paleozoic units (MC) 
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and limited the eastern depositional extent of the Pennsylvanian and Permian formations 
(Pmb and PPm).  These units thicken to the west away from the high paleotopography.  
Following erosion of the Ancestral Front Range, the Jurassic Morrison formation (Jm) 
was deposited with a relatively uniform thickness throughout the area, resulting in 
Morrison lying on Proterozoic rocks to the east and on Paleozoic rocks to the west. 
 The geology of the southern part of the basin differs from that of the north.  The 
TMVF presents a particular challenge to cross section development.  The Thirtynine Mile 
Andesite, Antero, and other related volcanic formations blanket the area, providing little 
outcrop for mapping the older geology.  From what can be seen at the surface, the major 
syncline appears to continue to shallow towards the south.  However, a spatially 
extensive and strong magnetic and gravity high abruptly appears immediately west of the 
syncline (fig. 4A.3).  This anomaly correlates to small outcrops of crystalline rock that 
rise out of the volcanic deposits.  Near XS4, a small section of Maroon formation can be 
seen in depositional contact on granite in the center of the section.  This contact and the 
sharpness of the potential field anomalies require a relatively abrupt transition to shallow 
crystalline basement separating the Mesozoic and Paleozoic sections below the TMVF.  
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